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H , L , W     Height, width and depth of cavity    m 
1H , 2H , 3H , 4H    Grid points defining the measurement   - 
area  
D      Diameter of circular ventilation slot    m 
h , bw     Height and width of rectangular ventilation   m 
Slot 
a      Distance between ventilation slot and wall   m 
of cavity 
HS , VS     Horizontal and vertical distance between   m  
ventilation slots 
N      Number of ventilation slot     - 
oA , effA    Nominal and effective area of ventilation slot  m
2
 
x , y , z , ix , jx , kx , lx   Coordinate axes      - 
iu , ju , ku , lu ,u , v , w , oU   Mean velocity components     ms
-1
 
iu ′ , ju ′      Fluctuating velocity components    ms
-1
 
CT , HT     Temperature of cold and hot surface    K 
mT      Mean temperature      K 
pc      Specific heat capacity     Jkg
-1K-1 
tk      Coefficient of thermal conductivity    Wm
-1K-1 
P , dynP∆      Air pressure and dynamic air pressure   Nm
-2
 
T , t      Mean and fluctuating temperatures    K 
su , sv , sw     Mean inlet velocity components     ms
-1
 
k      Turbulence kinetic energy     m2s-2 
I      Turbulence intensity       % 
HD      Hydraulic diameter of ventilation slot   m 
φS , ob      Net source terms      - 
n , e , s , w     North, east, south and west faces of control   - 
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volume 
N , E , S ,W     North, east, south and west grid points or nodes  - 
on control volume 
WW      Upstream or upwind node on control volume  - 
wh      Distance between two nodal points on the west  -  
face of the control volume 
WC , WD     Convection and diffusion coefficients on the  -  
west face of the control volume 
∇     Gradient       - 
r
r
     Displacement vector      - 
kG      Generation of turbulent kinetic energy due to  kgm
-3s-3 
mean velocity gradients 
bG      Generation of turbulent kinetic energy due to  kgm
-1s-3 
buoyancy 
ε1C , ε2C , ε3C , µC    Empirical constants      - 
ig      Gravitational vector component    ms
-2
 
φR      Convergence indicator     - 
+y      Wall distance       - 
fC      Coefficient of skin friction     - 
Q      Volumetric flow rate      m3s-1 
acrn      Air change rate of an enclosure    hr
-1
 
V      Volume of enclosure      m3 
 
Greek Letters 
Quantity    Description       Unit 
θ      Angle of inclination      degree 
δ      Overheat ratio      - 
ρ      Air density       kgm-3 
β      Coefficient of thermal expansion    K-1 
µ , tµ      Dynamic and turbulent viscosities    kgm-1s-1 
ijδ      Kronecker delta 
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ε      Turbulence dissipation rate     m2s-3 
φ      Transport scalar variable     - 
φΓ       Diffusion coefficient      - 
kσ , εσ     Turbulent Prandtl numbers  for k and ε    - 
 
Dimensionless Quantities 
Quantity    Description       Unit 
Re      Reynolds number      - 
Gr      Grashof number      - 
Ra      Rayleigh number      - 
Nu      Nusselt number      - 
Pr , tPr     Molecular and turbulent Prandtl numbers   - 
St      Stanton number      - 
 
Subscripts 
Quantity    Description       Unit  
nb      Neighbour cells      - 
C      Central node on control volume    - 
f      Face value of a scalar variable    - 
CD      Central difference scheme     - 
SOU      Second order upwind scheme    - 
ss      Single-sided ventilation approach    - 
ssc      Single-sided ventilation approach for circular  -  
slots 
ssr                                          Single-sided ventilation approach for rectangular  -  
slots 
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Though heating, insulation, wall claddings and cavity-wall construction are considered as 
measures for remediating moisture and condensation in buildings, ventilation of wall 
cavities has however become a mantra among architects and other building professionals. 
Holes of any size and shape are made and located on building facades based on the 
accepted wisdom that a little air movement will keep the wall cavities dry. Whilst 
ventilation has been found to be successful in the control of moisture and condensation in 
rooms and larger enclosures, there is however insufficient understanding of how it works 
in thin spaces with high aspect ratios, such as the wall cavities studied in this thesis. 
 
In order to put in place good control and management practices in the remediation of 
moisture and condensation in vertical wall cavities by natural ventilation, it is vital to 
understand the dynamics of airflow in these cavities. In this thesis therefore, different size 
and shape of slots were employed to numerically investigate the effects of size, spacing 
and number of the slots on the characteristics of the velocity fields (patterns of airflow and 
distributions of velocity) in different cavity models. The Reynolds-Averaged-Navier-
Stokes (RANS) methodology was employed to simulate the cavity flows under different 
modelling conditions using FLUENT. The BS 5925 model, an empirical relation for 
predicting ventilation rates in rooms and other larger enclosures, was employed and 
modified to predict ventilation rates in these cavities. Experimentally, the mapping of the 
airstreams in these cavities was obtained under similar reference (inlet) wind speeds 
employed for the numerical investigations. 
 
The results of this study show that there exists a potential at higher wind speeds for natural 
ventilation in the remediation of moisture and condensation in the cavities of vertical walls. 
The steady state approach employed in the RANS-based computation of cavity flows in 
this thesis averages out the peak values of air velocities and therefore gives no information 
about regions of maxima or minima velocity values even at higher wind speeds. This 
makes the predicted air change rates insensitive to the inlet air velocities from the 
ventilation slots and therefore makes the results more applicable for long term control and 
management of moisture in these cavities. In order to therefore put in place short, medium 
and long term plans for remediation of moisture in these wall cavities, a time-dependent 
computation is required. This will also allow the efficiency of the cavity ventilation to be 
properly assessed. Using the modified BS 5925 model, reasonable predictions were 
obtained for the air change rates of the wall cavities with the different size of ventilation 
slots employed. Close agreements are also obtained at lower and higher wind speeds 
between the predicted ventilation rates from the modified BS 5925 model and the 
experimental results employed as benchmark for validating the results. 
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CHAPTER ONE 
INTRODUCTION 
1.1   Background to Study 
The building envelope, consisting of the roof, the above-grade wall, the below-grade wall 
and the base floor systems, physically separates the interior environment from the exterior 
environment to which it is exposed. Apart from supporting and accommodating all forms 
of loading imposed by the interior and exterior environments, and by the building itself; it 
also controls, regulates and/or moderates the flow of mass (air and moisture, for example) 
and energy (heat and sound, for example). The building envelope assemblies therefore 
dictate the thermal and moisture loads, which serve as the basis for sizing of Heating, 
Ventilation and Air-conditioning (HVAC) equipment [1]. 
  
In order to meet the above requirements, and for proper and durable construction to be 
assured, the building envelope must therefore be protected from all elements that may 
affect its performance during service. The performance and durability of buildings have 
always been compromised by moisture; present in the form of condensation, driving rain 
and dampness, especially in cold climates where repeated wetting and drying occurs 
frequently. While most building designs neglect the effects of wetting due to moisture 
absorption and transport in building materials, a balance should be reached for 
accommodating wetting, storage of moisture and drying in these materials. 
 
Although condensation may not always be a problem, it may however results in damage to 
the fabric and content of buildings, with dampness and mould growth associated with its 
occurrence sometimes causing distress and certain respiratory allergies to occupants. Its 
formation is therefore a complex interrelationship between heating, ventilation, moisture 
production, building layout and properties of the materials making up the fabric of 
buildings. 
  
Raising the average temperature of buildings and other enclosures through heating may 
reduce the risk of condensation in them; however, the increased awareness of the need for 
efficient use of energy in the design and management of buildings has led to greater 
insulation level and reduced ventilation in both new and existing buildings [2]. This may in 
turn cause an increase in condensation problems in these enclosures. In order to therefore 
have a better understanding of how condensation can be controlled in buildings and other 
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enclosures, there is always the need to determine the risk of condensation occurrence in 
these structures. Guidelines required for carrying out such analysis is provided by BS 5250 
[3]. 
 
Excessive dampness in buildings is one of the major problems faced by building occupiers 
and owners. If such dampness is allowed to continue unchecked, unhealthy conditions may 
follow and buildings may deteriorate to the extent that they ultimately become inhabitable. 
Dampness in buildings can arise from a number of different sources and can cause a 
variety of effects such as wall staining, mould growth, impairment of air quality and 
respiratory problems in human. Dampness in the elements of structure can arise from 
rainwater penetration in exterior walls, ground water intrusion into basements and crawl 
spaces, condensation and indoor moisture sources [4, 5]. 
 
Penetrating water often contains mineral salts originating from different ground water 
sources or derived from acid gases present in the atmosphere, such as carbon dioxide or 
sulphur dioxide. In addition, penetrating water frequently acts as a solvent for the mineral 
salts naturally present in most building materials [6, 7]. Where drying out occurs, these 
salts come out of solution and accumulate as crystals or dry salts, which may often become 
visible as efflorescence. They may also accumulate in the interstices or pores of building 
materials [8-12]. Efflorescence is a salt deposition phenomenon which can take various 
forms (from a thin to thick constant deposit), has various constituents (sulphates, 
carbonates) and also with various origins. 
  
 
 
Figure 1.1. Formation of efflorescence on a building façade [13] 
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The major problem caused by efflorescence is the unattractive appearance it gives to 
buildings (Figure 1.1) and if extensive, there is a possibility of actual damage to masonry 
from the growth of salt crystals near their surface [14]. The formation and localization of 
these salt crystals within building materials may cause erosion, flaking or ultimate 
deterioration of the “contaminated” materials because the process of crystallization often 
involves swelling, where considerable forces are generated [9, 11, 12, 14, 15]. 
  
Some of these salts have hygroscopic properties and under high humidity attract moisture, 
which results in more moisture accumulating in the building materials. Such combined 
hygroscopic moisture is naturally present in many building materials and becomes an 
increasingly important factor under higher humidity. Higher moisture content leads to 
susceptibility of fungal decay in timbers. Above 28-30% moisture content, wet rot can 
develop. A moisture content of 50-60% is the optimum for the development of the wet rot 
while mould growth begins at an optimum moisture content of 70%. Dry rot, on the other 
hand, can cause decay in timber at moisture content as low as 20%, though most rapid 
decay generally develops between 30-40% moisture content [4, 16]. 
 
Other sources of dampness in buildings are those arising from construction. These include 
damp building materials and concrete. Contributions are also obtained from incorrect 
application of new building techniques or incorrect use of new materials and/or neglected 
maintenance [16]. Driving rain is typically the largest source of moisture for the above-
grade building enclosure [17]. Hence, control of rain penetration and absorption is a 
fundamental function of the building envelope and a major part of its moisture control 
functions. Therefore, the performance of the building envelope in resisting or tolerating 
moisture is thus of considerable importance in buildings. 
 
Removal of moisture can be achieved by employing materials which, while being 
permeable, are of sufficient thickness that penetrating water dries out before the inner 
surfaces are reached. The use of damp-proof courses and membranes are found particularly 
useful in this regard. Adequate care is needed in the installation of damp-proof courses and 
membranes for them to be successful in resisting moisture transport by capillary action. 
The nature of the materials of the building floors, the reactivity of the floor materials to the 
damp-proof membranes, the thickness of the damp-proof membranes and the height of the 
damp-proof courses above the level of the adjoining ground for an external cavity wall 
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contribute to the successful installation and effectiveness of damp-proof courses and 
membranes in buildings [18]. Alternatively, the provision of a continuous cavity in the 
construction which will interrupt capillary paths for moisture transport can also remove 
moisture from above-grade walls. The cavity wall has proved to be an effective design in 
the prevention of rainwater ingression and consequently of moisture removal [16, 19]. 
 
Another approach to moisture removal in above-grade walls is through drainage, where 
rainwater that penetrates the outer wall surfaces can be removed by an assembly that 
provides run-off within these walls. Drainage has often been suggested as the most 
important drying mechanism with respect to drained screened wall systems, such as wood 
siding, brick veneer and exterior insulation and finish systems [17]. Capillary forces will 
continue to absorb moisture in porous building materials until the materials’ moisture 
content equals their capillary saturation moisture content. It can therefore be reasonably 
assumed that drainage in these wall systems will only begin when the saturation moisture 
content of the building materials is reached or when the rate of wetting exceeds the rate of 
moisture absorption in these materials. 
 
Ventilation is regarded as a primary way of controlling moisture and condensation in 
buildings and other larger enclosures. It can, of course, help to modify high temperatures 
during warmer weather periods where fresh air is essential for certain types of heating and 
cooking appliances that burn gas or solid fuel. It can also assist in the removal of moisture-
laden air which might otherwise cause condensation. However, there is a lack of sufficient 
understanding in how ventilation works in cavities of walls, roofs and beneath floor spaces. 
Though the removal of moisture and condensation through ventilation has been seen as a 
good practice, there is little scientific basis for the size and spacing of ventilation openings. 
  
The purpose of this thesis is therefore to investigate numerically and experimentally the 
patterns of airflow and characteristics of the velocity fields in slot-ventilated, vertical wall 
cavities. The results of the study will be useful in identifying control and management 
strategies for the remediation of moisture and condensation in these cavities. 
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1.2   Problem Statement 
Moisture in buildings has long been known to be responsible for indoor mould growth, 
impairment of air quality, human health and respiratory problems, decay and corrosion of 
building materials and failure of building envelopes [20-23]. Investigations on moisture 
damage in buildings, particularly for historic buildings and monuments, have been centred 
on the effects of mould growth and fungi as they affect human health and their treatment, 
with little attention paid towards the control of moisture in these structures [20, 22, 23]. 
 
Methods such as improved building design, use of building materials with high moisture-
tolerance properties, thermal insulation and cavity-wall construction have been in use for 
controlling moisture and condensation in buildings. The use of natural ventilation for the 
remediation of moisture and condensation in buildings recently attracted renewed interest 
due to energy concern and climate change. 
 
By carrying out numerical and experimental investigations of convection in three 
dimensions in slot-ventilated, vertical wall cavities; remedial solutions to moisture and 
condensation in such cavities can be obtained. 
 
1.3   Research Objectives 
This research work aims at estimating the ventilation rates and determining the patterns of 
airflow in slot-ventilated, vertical wall cavities. These will be undertaken in order that the 
following specific objectives might be achieved: 
 
• Determine the characteristics of the velocity fields in slot-ventilated, vertical wall 
cavities under varying ventilation rate. 
• Investigate the influence of the number, position and size of ventilation openings 
(slots) on the characteristics of the velocity fields in these cavities. 
• Propose control and management strategies for the remediation of moisture and 
condensation in the wall cavities. 
 
1.4   Significance of Study 
Generalized methods and strategies cannot provide solutions for controlling dampness, 
condensation and moisture in buildings since such problems are always influenced by both 
macro- and micro-climates of areas where buildings are located and vary from place to 
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place. The results of the research work, when completed, will provide a framework upon 
which remedial solutions to moisture and condensation problems in buildings through 
natural ventilation can be examined in cavities of above-grade walls. 
 
1.5   Structure of Thesis 
The thesis is divided into different sections for simplicity in order that a good 
understanding of dampness, moisture, condensation and ventilation in above-grade wall 
cavities of buildings as considered in this thesis might be obtained.  
 
Chapter one examines the general background to the study, with issues on condensation 
and moisture in buildings examined here. The origins and effects of dampness in buildings, 
management approaches to the problem of moisture and condensation and the motivation 
underlying the study are also discussed in this chapter. 
 
Chapter two presents the review of literature on issues relating to moisture, dampness and 
condensation in buildings, with the examination of the effects of these elements on 
building materials and components undertaken. The sources and control of these elements 
are also examined in this chapter. 
  
The theory and characteristics of natural ventilation, with the physical mechanisms 
involved in relation to wind and buoyancy flows are described in chapter three of this 
thesis. The importance of certain non-dimensional parameters in the understanding of 
cellular natural convection in cavities of various configurations and under different 
experimental and modelling conditions is presented in this chapter. Theoretical framework 
for the proposed approach to this study is also presented here. 
 
An overview of Computational Fluid Dynamics (CFD) techniques, particularly those 
working on the finite volume method and the need for computational techniques of flow 
studies are presented in chapter four of this thesis. Detailed information on the design of 
the slot-ventilated wall cavity, mathematical and turbulence modelling and the numerical 
scheme employed for the study is also presented here. 
  
Discussion of the numerical results for the circular slot-ventilated wall cavity is presented 
in chapter five while chapter six discusses the numerical results for the rectangular slot-
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ventilated wall cavity. These results are based on the effects of the size, number and 
spacing between the ventilation slots on the characteristics of the velocity fields in the wall 
cavity studied in this thesis. 
 
Chapter seven presents an overview of the measurement technique adopted in the 
experimental investigations and the design of the airflow test cell in this thesis. Details of 
the laboratory measurements and the results obtained are also discussed here while the 
summary of the thesis and possible directions for future work are presented in chapter 
eight. 
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CHAPTER TWO 
MOISTURE AND ITS CONTROL 
2.1   Introduction 
This chapter provides the background theory on the issues of moisture, condensation and 
dampness as they affect materials for building and buildings themselves. The chapter also 
explores the merits and demerits of the various approaches in use for the control of the 
elements of moisture in buildings. 
 
2.2   Building Materials and their Interactions with Moisture 
The nature of building materials has been an important factor in building construction as it 
determines the quality, strength and other important characteristics of structures; which 
may be wood, clay, sand, brick or concrete. An important property of these materials that 
determines its responsiveness to moisture is the porosity of the materials [16]. The porosity 
of a material is not a measure of its permeability as a highly porous material may not 
necessarily exhibit high permeability. It is thus the number and distribution of the pores 
within a material that determine how porous or permeable the material is [24]. As well as 
helping in moisture transfer by capillary action, it is also a contributing factor in the 
weathering of masonry materials as soluble salts that find their way into the materials 
through their pores prise them apart when there is crystallization of these salts [16, 24, 25]. 
 
In order that specific management strategies might be instituted in the control of moisture 
in building envelopes (walls, roofs and sub-floor spaces), it is necessary to minimize the 
inflow of moisture into building fabrics while at the same time maximizing moisture 
outflow from building interiors. For the above to be successfully achieved, it will be of 
interest if the different climatic elements to which buildings are exposed to can be 
identified. Apart from the identification of these climatic elements, other factors such as 
the effects of climate severity, material properties and building/construction defects on the 
performance of the building envelopes should be properly ascertained. 
  
The management and control of moisture within building materials and envelopes 
therefore depend on proper assessment and evaluation of the above mentioned properties 
and criteria. The presence of moisture within building interiors and its diffusion or 
transport into various cavities present in buildings contributes to their moisture-damage 
risks. The ingression of moisture through building envelopes into building interiors, which 
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depends on the degree of exposure of building envelopes to this climatic element, becomes 
a more important factor in the moisture-damage risks of buildings. 
  
The vertical wall system thus becomes very important in the control of rainwater 
ingression and moisture transfer through building envelopes. As a result of the function 
and importance of the vertical wall system, special interest will therefore be devoted to the 
study of moisture effects and transport in the cavities of vertical walls in this thesis. 
Although many numerical studies have been carried out on moisture control and 
management in vertical wall cavities, insufficient experimental data has been a major 
problem in the validation of most of these results [13, 21, 24-28]. This causes many 
authors to use hygro-thermal modelling and arbitrary moisture indices in their studies [24, 
25, 27, 28]. 
 
The majority of the work on cavity studies has been those centred on room ventilation, 
with the work of Settles [29-31] on greenhouse ventilation and other authors [32-36] being 
important inputs in providing explanation for the effects of moisture transport in buildings 
and other large enclosures. The concentration of these selected studies and others around 
issues of ventilation in greenhouses, which is a subject of room and larger enclosure 
ventilation, still points to the paucity of information regarding ventilation in cavities of 
walls, roofs and other thin spaces. The paucity of information and experimental data on 
vertical wall cavities is acknowledged by Cornick and Dalgliesh [26], who comment that 
“….... confidence in hygro-thermal modelling itself depends on validation by well-
controlled laboratory experiments, as well as well-documented field experiments”. 
 
2.3   Sources of Excessive Moisture in Buildings 
Moisture sources in buildings can be from many areas, with the major classifications given 
as [4, 16, 37]: 
• Rainwater leaks through roofs and walls. 
• Diffusion of moisture through walls, roofs and floors. 
• Ground water intrusion into basements or crawl spaces. 
• Indoor moisture sources. 
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2.4   Moisture Transport Mechanisms 
The movement of moisture in and out of building envelopes are generally due to liquid 
flow, capillarity, movement of moist air (mass transport) and vapour diffusion, with 
rainwater ingression into building walls and inner compartments of buildings associated 
with mass transport and vapour diffusion through the pores of most building materials [4, 
38]. It should be noted that the severity of the damage caused by the various moisture 
transport mechanisms highlighted above depends on factors such as the exposure of 
buildings to these elements, moisture load and the type of climatic elements causing the 
damage [38]. 
 
2.5   External Wall Cladding Systems 
Attempts to limit moisture ingression through rainwater penetration across vertical walls 
have seen the development of a cladding system over walls, the Exterior Insulation and 
Finish Systems (EIFS), in which polymeric bonded aggregates with cement-reinforced 
glass mesh are used, but the effectiveness of the EIFS in reducing rainwater ingression into 
walls has been questioned over time. The failure of the face-sealed EIFS (Figure 2.1) 
because of the presence of moisture-sensitive materials that are capable of absorbing 
moisture in them and their use without provision for adequate drainage in the system’s 
assembly or in locations with no adequate drying have seen them being replaced by an 
improved version of the same EIFS, the drained EIFS (Figure 2.2). 
 
 
 
Figure 2.1. Face-sealed EIFS assembly [39]. Figure not drawn to scale. 
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Even though the use of the drained EIFS was found to be more effective than the face-
sealed EIFS under varying conditions of climate and exposure, water drainage and the 
limited drying potential experienced in certain areas with hot-humid and mixed-humid 
climates can limit their application in such areas [39]. 
 
 
 
Figure 2.2. Drained EIFS assembly [39]. Figure not drawn to scale. 
 
Other problems, including cracking as a result of thermal stresses (Figure 2.3), 
embrittlement due to ageing and exposure to ultra-violet radiation (Figure 2.4) and more 
importantly building movement, have seen the idea of the EIFS, with typical moisture 
damage due to mould, wood-decay fungi and corrosion leading to loss of strength and 
discolouration, abandoned in favour of other systems that may offer better control to 
moisture transport in commercial and private buildings through rainwater ingression in 
vertical walls. 
 
 
 
Figure 2.3. Frame shrinkage due to temperature variation [39] 
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Figure 2.4. Embrittlement of EIFS lamina resulting from exposure to ultra-violet rays [39] 
 
A more in-depth understanding of the properties of building materials and their behaviour 
under varying loading and moisture conditions will help not only in the choice of 
appropriate materials for use under certain conditions but also in the identification of 
various moisture-damage risks associated with their use. Such understanding will also 
assist in identifying the different transport processes that the moisture sources have 
undergone [40]. 
 
2.6   Causes of Condensation 
Condensation is by far the most common cause of dampness in buildings. It is caused when 
moisture-laden air comes in contact with a cold surface - the air is cooled to a point where 
it can no longer hold its burden of the amount of water vapour it can normally carry at a 
particular temperature. At this point called the dew point, water begins to drop out of the 
air and is seen as condensation on surfaces. On impervious surfaces such as glass and 
paint, beads or films of water collect [4, 15, 38] but on permeable surfaces such as wall-
papered and porous plaster, the condensing water is absorbed [16, 37]. 
 
2.7   Recognising Condensation 
Condensation is very much a seasonal problem, occurring during the colder months 
(October to April). During the winter, ventilation of houses is usually low (windows and 
doors are closed, with draught-proofing taking place). This allows the build-up of water 
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vapour in houses, which in some cases, is sufficient to cause condensation. During the 
colder months, the following signs begin to appear: 
• Water droplets form on cold, impervious surfaces such as glass and paint. 
•  Slight dampness appears on wall papers (often not noticed). 
• Development of moulds, usually black mould. This frequently forms in areas 
where there is little air movement such as window reveals, floor/wall and 
floor/ceiling junctions, behind furniture backing colder walls and in the classic 
triangular pattern in corners. 
 
Where the problem is severe, water will even collect and remain on double-glazing. In 
some cases, it may be long term but intermittent, forming only at certain times of the day 
or night. In these cases, the only sign of condensation may be mould growth, water perhaps 
evaporating during the day. The problem can occur well away from the site of most water 
vapour production. For example, water vapour produced in a kitchen may diffuse through 
the house into a cold bedroom where it will condense on cold walls and lead to mould 
growth. 
  
The study of the effects of condensed moisture on the integrity of walls and contents of 
historical buildings by Phillips [37] recognised that relative humidity levels of 50-55% and 
a temperature of 70oF (21oC) long thought to be safe for preserving the contents of 
museums are becoming recognized as too high for most historic buildings during the 
winter. The use of retrofitted insulation in historic buildings often causes the blockage of 
air movement meant for drying out condensation or water in cavities of walls. This may 
result in pattern staining of wall papers and decorations as a result of moisture 
accumulation in those cavities. Wall decoration staining may also be due to climatic over-
stressing of older walls of buildings [37]. 
 
2.8   Types of Condensation 
Depending on their occurrence, condensation may be grouped into two categories, namely: 
interstitial and surface condensation. 
 
2.8.1   Interstitial Condensation 
This occurs when warm, moist air from inside a building penetrates into walls, roofs or 
floor constructions and meets cold surfaces. This causes the air to cool, lowering its 
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capacity to carry moisture and resulting in water droplets formation on the cold surfaces, 
with this type of condensation causing rotting of timbers or corrosion of metallic 
components. There is an increased risk of this type of condensation in cold roof 
construction, timber- or steel-framed walls with insulation between the framing members, 
and sandwiched between plasterboard internal linings and external sheathing board, and 
insulated internal “dry lining” of solid walls [39, 41, 42]. 
  
Remedial actions against this type of condensation include warm roof construction, vapour 
barriers or damp proof membranes incorporation into framed walls and roof construction, 
and the use of a vapour-based “breathing” construction that is airtight but vapour 
permeable [39]. 
 
2.8.2   Surface Condensation 
Surface condensation, which may arise as a result of thermal bridging (otherwise known as 
cold bridging) or under-heating of poorly insulated and/or poorly ventilated homes occurs 
when there is an interruption of an insulation layer within a wall or roof, which 
consequently cause greater heat loss in the localized region. Warm air rising from this area 
when coming in contact with a colder body loses more heat to the body, resulting in 
condensation on the surface of the colder body. This sometimes leads to the saturation of 
wall finishes, providing an ideal environment for mould growth [39]. 
 
Effective response to controlling surface condensation may include the combination of 
insulation, improved heating efficiency and controlled ventilation, with the most 
appropriate combination of these measures difficult to establish [27, 43]. 
 
2.9   Effects of Condensation 
Condensation is directly associated with mould growth, and it is this that the building 
occupiers first notice. It gives an idea as to the potential scale of the problem, with its 
effects on both old and new properties. The mould, usually found on decorative surfaces 
such as wall papers, can cause severe and permanent damage. The mould and its spores 
cause the “musty” odour frequently associated with a damp house and can sometimes give 
rise to health problems [44]. Though cold walls and floors are obvious places for the 
occurrence of condensation, it sometimes occurs in roof spaces and in sub-floor areas 
where there is a suspended floor [44, 45]. Timbers in these areas may become damp and 
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susceptible to damage by dry rot or wet rot. In order to therefore avoid the condensation of 
moisture-laden air on exposed surfaces in buildings, it is required to maintain the average 
temperature of air in buildings at or above 10 – 12oC in all parts of buildings that are 
heated [3, 46]. This range of temperature can be maintained fairly constant without any 
other additional heating (except heat given off by lighting and other equipment, such as 
computers) provided that buildings are well insulated. 
  
2.10   Control of Condensation 
The control of condensation is based on two simple primary measures, supported by a 
number of secondary measures. 
 
2.10.1   Primary Measures 
The primary measures for condensation control specifically aim at replacing moisture-
laden air in an enclosed space with a fresh air supply. This can be achieved through the 
following ways: 
 
2.10.1.1   Ventilation Improvement 
The dispersion of the internal moisture-laden air and its replacement with drier air from the 
outside can be a control over condensation. This can be achieved by opening a few 
windows, installing air vents and using extractor fans. In certain areas of buildings, such as 
kitchens and bathrooms where larger amounts of water vapour are generated, an increase in 
the level of humidity as a result of moisture build-up in these enclosed spaces can be 
reduced by ventilation since the outdoor air normally has lower moisture content than the 
indoor air, particularly in winter [46]. Thus, the risk of condensation on cold surfaces in 
these enclosures is further reduced. 
 
Another approach to the improvement of ventilation for the control of condensation should 
it be widespread, is the use of a “positive-pressure system”. It consists of a slow speed fan 
set into the ceiling. It draws air into the roof space from outside through the eaves and 
gently pushes it into the property. This causes a slight internal positive pressure, 
continually pushing out any moisture-laden air as it develops [47]. The slight internal 
positive pressure of the air in any confined space of a building will correspondingly lead to 
lesser air pressures in other areas of the building. The variation in the pressure of the air 
between the confined space (such as a kitchen) and other spaces or enclosures in the 
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building causes air to flow from the confined space where a slightly internal positive 
pressure is obtained to not only the ambient environment but to other areas in the building 
where the air pressures are lower. The transport of the moisture-laden air from the enclosed 
space to other areas in the building therefore raises the moisture content of air in these 
areas. The successful employment of the positive pressure system for ventilation 
improvement within a confined space or enclosure therefore lies with the proper 
containment of the moisture-laden air in the confined space where the positive pressure 
system is being used and its subsequent transport to the ambient environment [48]. It is 
also important to promote free airflow around objects and furniture in buildings, especially 
when they are placed against cold walls. This will prevent a local build-up of 
condensation/mould behind such structures. 
 
The ventilation of raised timber floors and wall cavities has recently been an issue of 
concern. Due to very low airflow in these cavities, there is the risk of interstitial 
condensation occurring in the cavities [16, 49]. It thus become increasingly important to 
allow free flow of air and the discouragement of unventilated pockets for the avoidance of 
bio-deterioration due to increasing moisture content of these cavities. Recently, the use of 
different ventilation devices by dampness treatment specialists, consulting firms and their 
sales through many do-it-yourself (DIY) outlets have raised serious concern about their 
applications. Most of these devices end up creating more problems than those they intend 
to solve. 
  
Different types of air bricks and ventilators (Figures 2.5 and 2.6) seen installed in buildings 
for treating condensation and dampness in cavities of walls, suspended ground floors and 
building interiors have not provide successful treatment of the dampness problems. 
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Figure 2.5. Use of air brick for wall cavity ventilation [50] 
 
 
Figure 2.6. Ducted air vent [51] 
 
The use of an underground air shaft for ventilating raised timber floors (Figure 2.7) can 
also result in mould growth on brick surfaces and decay of underground timbers, probably 
due to inadequate ventilation. 
 
 
 
Figure 2.7. Use of air shaft for sub-floor ventilation [52] 
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2.10.1.2   Heating 
In addition to ventilation, heating should be set or applied to give a constant low-level 
background heat of about 10 - 12oC [3, 46]. This will ensure no rapid changes to the 
environment and will also facilitate slight warming of wall surfaces over a period of time, 
thus reducing the risk of condensation. By filling cavities with different form of insulation 
materials in order to improve the thermal performance of inner walls and compartments, 
there may be the appearance of damp patches on the inside of walls and increased amount 
of water penetration due to rain ingression depending on the form of insulation applied, 
although there has not been any conclusive evidence to show the formation of interstitial 
condensation when these are applied [53]. 
 
2.10.2   Secondary Measures 
Implementing the primary measures described above in most cases may effectively control 
a condensation problem, however in more severe cases; it may be necessary to remove 
excess water vapour sources within a building and insulating cold surfaces. Warmer 
surfaces are therefore created and the risk of condensation is thus avoided. It may also 
become prudent to provide a vapour check on the warm side of the insulation. 
 
Other secondary measures include treating the external faces of walls with silicone water 
repellent. This prevents water penetration and therefore maintains better thermal properties 
of external walls [4, 16]. The use of anti-mould washes and paints will also reduce the risk 
of condensation, so also is the use of humidifiers. Adequate care should be taken not to 
mistakenly take the appearance of black mould, which flourishes on the pure water 
associated with condensation, as not an indication of rising damp. Apart from the use of 
secondary measures mentioned above, the development and use of various forms of wall-
cladding systems, such as the EIFS, masonry cladding and the use of various water 
management strategies (deflection, drainage, drying ) will go a long way in controlling the 
incidence of moisture and condensation in buildings [4, 17, 39]. 
 
2.11   Dampness 
Dampness, an indication of the moisture content of the air present in a space, is an 
important factor which determines the quality of the air in relation to human health and 
comfort and more importantly, its effects on the structural integrity of timber products in 
buildings. Dampness in buildings can cause a number of problems, including the 
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destruction of timbers, ineffective insulation due to cold bridging and the increased risk of 
mould growth [4, 16, 20-22]. Based on its occurrence and effects, dampness can be 
categorized into two main divisions, namely rising damp and penetrating damp. 
 
2.11.1   Rising Damp 
One of the most common routes through which water enters a building is rising damp, 
whereby water from the ground is drawn up into the pores of bricks, mortar and other 
materials used in the construction of walls and floors. The speed at which this process 
occurs depends on many factors, including the nature of the ground. Other factors are the 
type of wall or floor construction and environmental conditions both within and outside the 
building [16, 37]. In most cases, rising damp develops fairly slowly and may persist for 
several years before the appearance of damp patches, blistered paints, stained and peeling 
wall papers or floor timbers degraded by fungal activities highlight the problem [37]. 
  
Treatments for this problem include but not limited to the installation of damp-proof 
courses, provision of dry internal wall surfaces and the use of the chemical injection 
system (Figure 2.8). A cautious approach on building practices, environmental regulations, 
health and safety of all concerned is needed in the use of the chemical injection method for 
rising damp treatment. 
 
 
 
Figure 2.8. Vertical damp proofing by chemical injection [16] 
 
2.11.2   Penetrating Damp 
Penetrating damp is the term applied to the penetration of moisture through the fabric of 
buildings over a period of time. It is easily identified by localized areas of damp or 
saturated wall/ceiling finishes (Figure 2.9). 
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Figure 2.9. Penetrating damp effect on a building wall [54] 
 
Most cases of penetrating damp are corrected by making the necessary building or 
plumbing repairs. However, an exception is where there is lateral water penetration 
through an earth-retaining wall, for example, in a cellar or basement flat. The water 
pressure is usually so great that several coats of special water-proofing materials are 
required to hold the water back. This process is called “Wall Tanking” [15, 17]. 
 
2.12   Timber Decay 
Exposure of timbers and other timber products used in building construction to dampness 
over a long period of time increases the susceptibility of the materials to decay through rot, 
caused by wood-rotting fungi. The fungi find suitable substrate on the damp timbers and 
grow by sending out hyphae into the wood. The hyphae release enzymes, which break 
down wood cells, mainly cellulose and thereby causing loss of timber strength. The attack 
on damp timbers or wooden products cannot occur at or below 18-20% moisture content 
[4, 16]. 
  
Depending on the moisture content responsible for the decay, there are two different 
categories of the wood-rotting activities; these are the wet and dry rot. Apart from the 
destruction caused by the wood-rotting fungi, wood-boring insects also help in a greater 
number of decay found in timbers. 
 
2.12.1   Dry Rot 
Dry rot is the term used for decay caused by Serpula lacrymans, the true dry rot fungus. It 
is a brown rot that destroys the cellulose component of wood, eventually reducing it to a 
dry and crumbly consistency. It is the most serious type of timber decay in buildings 
because it can cause rot at a lower moisture content than wet rot, and it has the ability to 
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grow through damp masonry and brickwork, and behind plasters. It can therefore spread 
rapidly through buildings, making treatment both expensive and complicated. 
  
Other conditions that favour the growth and multiplicity of the dry rot fungi are an 
optimum temperature of 22oC though temperature in the range of 5-26oC can be tolerated 
over a small period of time. An optimum moisture content of 30-40%, with a moisture 
tolerance range of 20-80% of the dry weight of timbers, is considered adequate for their 
survival [4, 16, 20]. 
 
 
 
Figure 2.10. Dry rot formation in the sub-floor area of a building [55] 
 
2.12.2   Wet Rot 
All wet rot fungi require higher moisture contents than the dry rot fungus and are much 
more common. However, they do not have the same ability to spread through buildings; so, 
they are much easier and less expensive to eradicate [55]. The cellar fungus, Coniophora 
puteana, one of the two most important wet rot fungi attacks timbers in buildings where 
there has been serious water ingress. It is also a common cause of decay in external painted 
joineries and other timber work [16, 55]. The other form of the wet rot fungi, called the 
“white pore fungus”, can grow at temperatures up to 36oC, a condition which would bring 
the growth of dry rot and other fungi to a halt. It is often found in buildings where the 
timbers have been exposed to much damped conditions [56]. 
 
2.12.3   Wood-Boring Insects 
Many insect species are able to use wood as source of food, feeding on their cellulose or 
using bio-degraded woods as homes. In doing so, they can cause serious damage to timbers 
by tunnelling into standing trees, freshly felled logs or wet, decaying timbers. A small 
number of the insects, mostly beetles, are able to attack timbers in the more or less dry 
conditions found in buildings. These beetles are often called “woodworms” because it is 
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the larval or “worm” stage that bores into and eats woods [4, 16, 42]. During these 
destructive activities, the sapwood is targetted and thus, both softwoods and hardwoods are 
susceptible to attack. 
 
 
 
Figure 2.11. Life cycle of wood-boring beetles [56] 
 
2.13   Control of Timber Decay 
The control of timber decay lies in the identification of the cause of the decay. For damage 
caused by wood-boring insects, an approach is to reduce the population of the insects or 
beetles to a point where it ceases to be a significant problem. This is achieved by 
controlling at least one stage in the life cycle of the insect. This breaks the cycle and the 
infestation will die out within a few years. Control is usually achieved with an insecticidal 
fluid. The type of insecticide, the quantity required and the method of application will be 
those that adhere strictly to standard regulations for use of pesticides and other chemicals. 
 
For wood-rotting fungi, control can be achieved through the following: 
• Identification and remediation of the faults that permit entry of dampness into 
the building. 
• Drying out the existing dampness. 
• Removing the fungal growth and repairing the damage caused. 
• Isolating or treating the timbers at risk from continuing dampness with 
protective fungicides [55, 56]. 
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Adequate care on climate change and control should be considered when applying 
chemical treatments for timber decay as most of the fungicides used are flouro-chloro 
carbon compounds, with their depletion effects on the ozone layer of the upper troposphere 
viewed to be a serious threat to climate change. Of more importance in the control of 
timber decay is the removal of the source of dampness through “adequate” ventilation. 
 
2.14   Dampness Treatment and Control 
The behaviour and effects of moisture have been considered, with its actions on building 
materials and the entire elements of structures noted. It should be pointed out that the bio-
deterioration effects of moisture on buildings are those that affect mainly timbers and other 
wooden products. For a building to then fulfil its life expectancy, the way and manner in 
which dampness, an important element of moisture is treated becomes very important. 
Thus to control dampness and its effects on building materials and buildings as a whole, 
the following methods can be considered important. 
 
The use of physical moisture barriers and surface coatings are ways by which the transport 
of moisture through porous building media, most especially timber products, can be 
controlled [4, 16]. Timbers used in construction can be those that are naturally durable or 
those that have been treated with preservatives. Dampness control by using timbers which 
are naturally durable has been an issue which is quite subjective. The type of timber used 
becomes an important factor in this regard as moisture migration differs in timbers of 
different species; even among timbers of the same species, variation exists in their 
response to moisture transport. 
 
For timbers to satisfactorily resist dampness through the use of chemical preservatives, 
such timbers must be at the correct moisture content, that is, below 25% [16, 42]. 
Additionally, the need for such timbers to be free from pests, barks, paints, dirts or any 
other materials that may interfere with the coating is of great importance in the control of 
dampness. The presence of the above elements in timbers and other wooden products 
accelerate the processes of decay and rotting of timbers, which while reducing the strength 
and durability of the products, becomes gateway to the collapse of the timber structures 
present in buildings. Also, it may become necessary for timbers and wooden materials to 
be in their final shape and size so as to make the preservation treatment an effective one. If 
such treated materials are later cut or reduced, it becomes equally important that the new 
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exposed surfaces be treated again in order that such surfaces will not serve as pathway for 
moisture transport. 
 
Another approach to the treatment and control of dampness in buildings is the use of 
various architectural design elements that act as defences, sheltering buildings and its 
elements from moisture and/or dampness. Such include the use of different coping devices, 
flashings, gutters, overhangs and cornices [4, 8, 15, 16, 25]. The use of rendering in the 
protection of masonry elements is considered an important control method against 
dampness. The use of this method must be such that adequate attention is paid to older 
renders on walls and structures if a new application is to become effective, as cracks and 
other defects not adequately taken care of can make the effects of dampness in such 
structures even worse [8, 12]. 
 
The use of damp proof courses (DPCs), which prevent the passage of water from external 
walls into building interiors, is another way of treating dampness in the element of water 
penetrating into habitable parts of buildings. It is of necessity that the DPCs installed be of 
the same thickness as the external walls, project beyond the face of external leaves and of 
approximately the same life expectancy as the building to which they are applied [15, 16, 
41, 42]. Other important elements in the control of dampness are the weep-holes, weep-
ventilators and their variants for drainage in external walls (Figures 2.12 and 2.13). 
 
 
 
Figure 2.12. Weep ventilators [51] 
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Figure 2.13. Peep-weep ventilators [51] 
 
Another application of damp proofing in the control of dampness in buildings is the use of 
damp proof membranes (DPMs). The nature of site preparation, the thickness of the DPMs 
and their installation are also very important factors in the effectiveness of the DPMs [18, 
57, 58]. Though DPCs and DPMs are applied horizontally in buildings, there exists a 
vertical application of  damp proofing courses in buildings, called tanking – providing 
permanent and impervious barrier to ground water ingression through basement floors and 
walls as a result of its capability to resist a certain level of hydrostatic pressure [16, 17, 58]. 
 
Recently, the introduction of new forms of damp proof courses into the market has been an 
issue of concern due to non-availability of adequate information on how they work and 
their performance. An example is the “Holland Damp Proofing”, existing as far back as 
1997 and claimed to have successfully tackled problems of condensation, rising damp, 
penetrating damp and mould, with its application to most types of wall [59]. The perceived 
eco-friendly, Dutch-devised system cost as little as £1,300, with no need of its re-
application and no re-plastering and re-decoration needed if successfully installed. The 
system consists of damp-inhibiting ceramic bricks installed into specially prepared recesses 
or crevices at outer building walls (Figure 2.14). 
 
 
 
Figure 2.14. Installation of Holland damp proof bricks in a cavity wall [59] 
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It was claimed to work by directing air from outside into the system’s chamber, which 
causes the evaporation of the moisture enclosed in the cavity of walls and hence, its 
removal (Figure 2.15). The moisture-laden air then passes out of the wall cavity into the 
ambient environment, with the efficacy of the system’s working claimed to be better than 
the traditional chemical-injection damp-proofing method of treating dampness and related 
problems. 
 
 
 
Figure 2.15. Simplified airflow patterns of the Holland damp proofing system [59] 
 
Another system of Dutch origin and working in a related manner to that of the “Holland 
Damp-Proofing” is the “Schrijver System”, named after its inventor. This is considered as 
a humidity regulating system, consisting of a ceramic tube and a stone element [60]. Its 
working is as shown in Figures 2.16 and 2.17 for single-brick and cavity-wall construction 
respectively. 
 
 
 
Figure 2.16. Single-brick wall Schrijver damp proofing system [60] 
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1: Interior Side Wall, 2: Exterior Side Wall, 3: First Air Chamber, 4: Second Air Chamber, 
5: Cold Bridge, 6: Ceramic Tube, 7: Insulated Cavity, 8: Non-Insulated Cavity, Red: Dry 
Air, Blue: Humid Air 
 
 
 
Figure 2.17. Cavity wall Schrijver damp proofing system [60] 
 
By allowing air from outside to pass through the ceramic tube and two air chambers, a 
drop in temperature was claimed to be obtained as a result of cold bridging created by a 
second opening in the system. The moisture-laden air returns back to the ceramic tube and 
then transported outside by virtue of airflow. Its installation is similar to that of the 
“Holland Damp-Proofing” System. 
 
The use of cavity-wall construction, which interrupts capillary path of water and hence its 
penetration into the inner leaves of buildings has been seen as another method for the 
control of dampness in buildings. As simple as this method seems to be, adequate care 
must be taken in the control of drainage in these cavities resulting from wind-driven rain 
penetration [16, 39, 61]. The maintenance and repair of buildings from moisture damage is 
another issue of concern. The frequency and manner of these activities, with uses relating 
to the assessment and performance of buildings and building envelopes should be carefully 
scheduled and carried out so that the durability of buildings might be assured [62]. 
 
2.15   Preservation of Historic Monuments 
Historic preservation pertains to specific actions within a historic district or affecting 
historic buildings whereby building elements and strategies are classified based on 
preservation, rehabilitation, restoration or reconstruction [63]. Historic buildings are 
traditionally designed with many sustainable features that respond to climate and site. 
Preservation maximizes the use of existing materials and infrastructure, reduces waste and 
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preserves the historic character of older structures. When effectively restored and reused, 
these features can bring about substantial savings in energy and revenue without 
compromising the unique historic character of these buildings [63, 64]. 
 
In order that historic buildings and monuments might be preserved from deterioration, it is 
highly recommended that a set of actions aiming at putting the structures into proper shape 
must be put in place by those concerned with their preservation. One of such approaches is 
the use of pre-building decisions by designers and engineers. A method proposed by 
Germano and Roulet [65] involves using a multi-criteria analysis for assessing the 
ventilation potential of buildings on sites, with the intention of employing natural 
ventilation for moisture and condensation control in buildings. 
 
Another approach at the latter age of buildings includes lining up certain defensive actions 
aimed at putting the form of moisture problem in them under control. The nature and form 
of these set of actions depend upon the severity and nature of damage caused in those 
buildings. These sets of actions are called Post-Occupancy Evaluation (POE) [62]. The 
POE is a continuous process of systematically evaluating the performance and/or 
effectiveness of one or more aspects of buildings in relation to issues such as aesthetics, 
functionality, security and safety. 
 
2.16   Summary 
Ventilation and heating have been identified in this chapter as two primary measures for 
remediating moisture and condensation in building enclosures while other secondary 
measures include but not limited to the use of wall claddings, damp proof courses and 
membranes, water-repelling paints, copings, cornices and other architectural devices. The 
primary measures are concerned with the replacement of moisture-laden air in an enclosure 
with a fresh supply of airstream while the secondary measures are basically defensive 
actions aimed at controlling the ingress of water into building enclosures. 
  
Though mechanical ventilation and heating are considered adequate, concern about rising 
energy prices and the socio-political issues associated with certain energy forms, such as 
electricity and gas, constrain their use. As a result of the above limitations on the use of 
mechanical ventilation and heating therefore, chapter three of this thesis will be devoted to 
investigations on the theory and characteristics of natural ventilation, with the aim of 
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assessing the potential of this form of ventilation in the remediation of moisture and 
condensation in the cavities of external vertical walls. 
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CHAPTER THREE 
THEORY AND CHARACTERISTICS OF NATURAL VENTILATION 
3.1   The Need for Natural Ventilation 
Rising energy cost and the socio-political effects associated with the demand for petroleum 
resources constrain the use of mechanical ventilation and improved heating in the control 
of moisture and condensation in buildings and other enclosures. The environmental impact 
of the dependence on fossil fuel-based energy sources, leading to changes in global 
climate, has prompted a renewed interest in developments that balance other different and 
competing energy forms against the awareness of the environmental, social, political and 
economic limitations of fossil fuel resources. In order to therefore explore the potential of 
natural ventilation in the remediation of moisture and condensation in cavities of above-
grade walls, the theory and characteristics of natural ventilation will be considered useful 
in understanding its application and effects under various experimental and modelling 
conditions. 
 
3.2   Natural Ventilation Systems and Design 
The supply of fresh air to building interiors and other enclosed spaces (structures) relies on 
natural driving forces, such as wind and the temperature difference between the structures 
and the environment. Buildings and other enclosures can use various forms of natural 
ventilation systems such as displacement ventilation, cross ventilation, solar-assisted 
ventilation and single-sided ventilation to achieve certain design objectives. The 
assessment of the effects of wind on building structures thus requires adequate knowledge 
and greater understanding of the complex interactions between these driving forces, 
indoor/enclosure conditions and the structures themselves in the design of effective natural 
ventilation systems. 
  
Thus, a natural ventilation design aims at ensuring the proper sizing and location of 
ventilation openings in order to obtain the required results; such as the flow rate, pollutant 
concentration or temperature under certain conditions [66]. Depending on the requirements 
therefore, enclosed spaces can be ventilated by using either a single-sided or a cross 
ventilation approach. 
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3.2.1   Single-sided Ventilation 
Single-sided ventilation occurs when there is an exchange of air between the ventilation 
openings located only on the external wall of an enclosed space and the interior of the 
enclosure. The exchange of air between these locations occurs by wind turbulence, where 
the externally-located openings interact with the local external airstream. This exchange of 
air can also occur by local buoyancy/stack effects (the two words, “buoyancy” and “stack” 
are the same and will henceforth be used interchangeably throughout this thesis), where 
airstream is introduced into an enclosure through a ventilation opening and flows out 
through another ventilation opening separated by a vertical distance or through the same 
opening for a large, single ventilation opening. The two major parameters affecting airflow 
in single-sided ventilation are thus the wind forces and the temperature difference across 
the openings [46, 66]. The temperature and wind forces therefore create pressure 
differences (called the stack pressure difference ( sp∆ ) and the wind pressure difference 
( wp∆ )) that drive the airflow in or out of a ventilated enclosure. 
 
3.2.1.1   Wind-driven Flow 
The physical processes governing single-sided natural ventilation by wind-driven flow are 
complex as a result of the variation in the ambient wind condition and the turbulent nature 
of the wind. The fluctuation experienced in the airflow has been found to be responsible 
for the turbulent nature of the incoming wind to an enclosure and the turbulence induced in 
the enclosure itself [67]. Turbulence in the airflow along an opening causes simultaneous 
positive and negative pressure fluctuations of the air inside an enclosure. The fluctuation of 
the pressure distribution across an opening is a very important driving force when a single-
sided ventilation approach is employed. The variation in the pressure distribution is not 
however taken into account by the Bernoulli theory. 
  
In accordance with the Bernoulli theory, the pressure variation with height is attributed to 
the buoyancy term: gzinout )( ρρ − ; where ρ  is the density of air, g is the acceleration due 
to gravity and z is the height. Thus, the variation in location and time of wind pressures 
makes the formation of a corresponding theoretical wind term impossible. It therefore 
implies that the mathematical interpretation and analysis of wind-driven flow are handled 
by empirical and modelling approaches [49, 66]. 
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3.2.1.2   Buoyancy-driven Flow 
Differences in temperature between the inside and outside of an enclosure can produce 
buoyancy or stack forces that drive the airflow in a single-sided natural ventilation system. 
This type of flow becomes more evident for an enclosure having a large single opening 
(Figure 3.1a) or an upper and lower opening (Figure 3.1b). A temperature difference 
between the enclosure and the ambient environment causes a change in the density of the 
airflow, with the warm air being less dense than the cold air. The difference in the air 
densities between these spaces therefore causes a pressure difference responsible for 
driving the flow where the higher internal pressure at the upper opening drives the flow 
outward while the lower internal pressure at the bottom openings drives the flow inward 
(provided inT > outT ). 
 
 
(a) 
 
(b) 
Figure 3.1. Indoor and outdoor pressure distribution for buoyancy-driven flow [46]:  
(a) through a single ventilation opening, and (b) through upper and lower ventilation 
openings 
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The location (i.e. separation) of the ventilation openings and the magnitude of the 
temperature difference, T∆  between the ambient air and an enclosure therefore determines 
the strength and direction of the flow within the enclosure. Thus, greater airflow can be 
induced when a large vertical separation exists between the inlets and the outlets and when 
a large temperature difference exists between the interior and the exterior of an enclosure 
in a single-sided ventilation system.  
 
3.2.1.3   Combined Wind and Buoyancy-driven Flow 
The complex nature of wind-driven flow increases the complexity of a combined wind and 
buoyancy flow and thereby makes it difficult for analytical solutions to be obtained. The 
simultaneous influence of temperature and pressure on the ventilation process at an 
opening may be difficult to predict and hence, the difficulty associated with the 
determination of whether reinforcing or counteracting effect will be obtained in such a 
combined flow mode. Solutions to a combined wind and buoyancy flow must therefore be 
sought using experimental and modelling techniques. Whilst simple empirical 
models/correlations have been developed from some experiments for single-sided 
ventilation studies, there is however a lack of detailed information on single-sided 
ventilation for the combined wind and buoyancy-driven flow based on CFD studies [68]. 
Computational and experimental techniques of single-sided ventilation studies based on the 
combined wind and buoyancy-driven flow mode are therefore important in having a better 
understanding of this form of flow mode.  
 
3.2.2   Cross Ventilation 
Cross ventilation occurs when there is a clear internal path between the inlet and outlet 
ventilation openings in external walls. The effectiveness of this type of ventilation depends 
on many factors; including the location of buildings with respect to the predominant wind 
direction, external building layout and internal building layout, where furniture and other 
objects may obstruct the transport of air and the size of the ventilation openings. Despite 
the prevalence of single-sided ventilation designs in buildings, the study and analysis of 
cross ventilation has however attracted considerable attention. It is therefore of interest in 
this thesis to have a better understanding of the single-sided ventilation approach for 
cavities of above-grade walls. 
  
 
 57 
3.3   The Role of the Atmospheric Boundary Layer in Airflow around Buildings 
The complex nature of the interactions between the motion of the wind and a building 
(structure) or any other enclosure exposed to the wind demands a proper understanding of 
the airflow around the building or the enclosure and the flow fields in the enclosure. In 
order to achieve this, majority of the studies on the assessment of wind effects on buildings 
and structures are carried out in wind tunnels, where scaled models of the structures under 
investigation can be employed for the studies. 
  
The use of the scaled models in the wind tunnel tests, together with dimensional analysis, 
ensures that wind effects on the models can be extended to real buildings and structures 
whose scaled models are studied in the wind tunnel. This reduces the amount of time 
required in conducting actual measurements for wind data statistics on real buildings and 
other structures exposed to the wind. The use of the wind tunnel tests also enables 
measurements to be obtained on different geometry and orientation of buildings, which 
may be very difficult to obtain in actual measurements on real buildings. 
  
The success of the measurements carried out in wind tunnels and their interpretations 
depend on a good understanding of the effects of the atmospheric boundary layer on 
airflow around buildings and structures. The atmospheric boundary layer is the layer of 
turbulent flow between the surface of the earth and the undisturbed wind, with its thickness 
varying from hundreds to thousands of metres [69]. The thickness of the boundary layer is 
determined by the gradient height at which friction from the surface of the earth has no 
effect on the general flow of the wind. 
 
The atmospheric boundary layer is identified as surface (or inner) and outer layers. The 
surface layer exists just above the ground and is divided into the roughness sub-layer and 
the inertial sub-layer respectively [67]. About 5 to 10% of the atmospheric boundary layer 
from the bottom constitutes the roughness sub-layer and is affected by frictional forces 
exerted by structures such as trees, buildings and fences on the surface of the earth [67, 
69]. In this layer, the average wind speed increases with height above the ground while 
there is a decrease in the intensity of turbulence above the ground [70]. The magnitude of 
the frictional force from the surface of the earth is dependent on the nature of the terrain on 
the sites of buildings and causes the mean wind speed to vary (Figure 3.2). 
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Figure 3.2. Mean wind profiles for different terrain [71] 
 
The vertical variation of the shear stress in the roughness sub-layer can be neglected 
without causing significant loss of accuracy to the development of the mean velocity 
profile. In the inertial sub-layer above the roughness sub-layer, the average turbulent fluxes 
are constant with height. The simplified logarithmic law, from the model of Deaves and 
Harris [72], representing the variation of the mean wind speed with height above the 
ground surface can be expressed as: 
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where U(z) is the mean wind speed at a height z from a datum level, 
            U* is the friction velocity and defined as expressed in Equation (3.2), 
            K is the von Karman constant (K = 0.41), 
            zo is the roughness height determined by the condition of the surface (nature of the 
terrain) on a building’s site. 
  
=
∗
U  (Surface friction shear stress/Atmospheric density)0.5. (3.2) 
 
The roughness height, oz  with the corresponding friction velocity, ∗U  for varying terrain 
condition is as shown in Table 3.1 below. 
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Table 3.1. Roughness height and friction velocity for different nature of terrain [71] 
Terrain Category 
Roughness 
Height, oz  (m) 
Friction Velocity, 
U* (m/s) 
Exposed open terrain with few or no obstructions 0.002 1.204 
and water surfaces at service-ability wind speeds.   
   
Water surfaces, open terrain, grassland with few, 0.02 1.385 
well scattered obstructions having heights   
generally from 1.5 to 10m.   
   
Terrain with numerous closely spaced obstructions 0.2 1.626 
3 to 5m high such as areas of suburban housing.   
   
Terrain with numerous large, high (10m to 30m high) 2 1.963 
and closely spaced obstructions such as large city   
centres and well-developed industrial complexes.   
 
Above the surface (inner) layer is the outer layer, otherwise known as the Ekman layer. 
This layer extends to the top of the boundary layer. In the outer region, the nature of the 
surface only slightly affects the airflow. However, the Coriolis force due to the rotation of 
the earth becomes important in the outer layer. The Coriolis force increases with height 
while the shear stress in this region decreases. The mean velocity profile in the outer layer 
can be represented by an empirical power law [66] given as: 
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(3.3) 
 
where refU
 
 is the mean wind speed at a reference height refz , and 
 α  depends on both the surface roughness and the range of height under  
 consideration.   
   
3.4   Convective Heat Transfer 
The transport of thermal energy and other scalar quantities within a fluid by the motion of 
the fluid, known as convection, is of practical interest in many engineering applications. 
Fluid motion is often used to deliver thermal energy, with such applications found in 
central heating systems and heat exchangers. On the other hand, excess thermal energy 
may be removed from certain systems and components in order to improve their 
performance and durability. Examples of such applications are found in cooling systems of 
internal combustion engines, gas turbine plants, projectors, computers and refrigerators. 
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In some cases, especially in power producing plants, the working fluid which is normally 
at a high temperature as it moves through different components transfers some of its 
thermal energy to the surfaces it comes in contact with. In other applications, such as in 
drying processes, what is of primary importance is how a secondary substance (e.g. water 
vapour or moisture) is absorbed and transported by the main fluid. In all these applications, 
the overall aim is to increase the rate of heat transfer. Normally, the transport of heat by 
convection enhances heat transfer beyond that which would occur by conduction through a 
stationary fluid [73]. Increasing the rate of heat transfer to or away from a surface can be 
achieved in two ways, namely: forced convection and natural (or free) convection. 
  
3.4.1   Forced Convection 
In forced convection, the motion of the fluid is caused by external factors, such as a 
pressure difference, where the fluid is “forced” to move. The presence of the fluid flow 
then assists the heat transfer process. An example of such a process can be found in the 
flow of hot water through a cold pipe. 
   
3.4.2   Natural (or Free) Convection 
In the absence of external forces, the temperature gradients in a fluid lead to differences in 
the density of the fluid, which cause a buoyancy-induced motion in the body of the fluid. 
This motion then carries thermal energy either to or away from a solid surface. An example 
can be found in the flow of cold air through a heated grid. 
 
3.5   Natural Convection in Enclosures 
The occurrence of natural convection within a confined space causes the heated fluid to 
expand and follows the contour of the container, with the release of heat taking place 
during the process. Due to its importance in energy conservation, the study of natural 
convection in cavities is of great engineering importance since they find applications in 
electronic equipment and packaging, crystal growth and solidification processes, hot or 
cold liquid storage systems, buildings (greenhouse ventilation, room ventilation, glazed 
windows, uninsulated walls and attics), airflow in heat transfer equipment and in countless 
other configurations. The nature of airflow within some of these enclosures may be of 
special interest in the regulation of air quality and homogeneity of parameters such as 
temperature, humidity and pollutants concentration while it is used in the regulation of heat 
transfer rates between surfaces in other applications. 
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3.5.1  Significance of Dimensionless Parameters in Convective Heat Transfer    
Processes 
Dimensionless parameters are of key importance in convective heat transfer processes and 
many other engineering problems. These parameters provide information on the relevant 
flow regimes for solutions to the heat transfer and/or fluid flow problems. Since most 
experimental and numerical studies involve a large set of data and are solved by equations, 
casting these equations in dimensionless forms helps in the important task of data 
reduction for similar problems. This means that a lot of experimental and/or simulation 
runs are avoided if data is correlated using appropriate dimensionless parameters. Thus, the 
use of dimensionless parameters is extremely useful in understanding the similarity among 
problems belonging to the same broad class rather than just one set of dimensional 
parameters. As a result of their importance in the study of convective heat transfer 
processes therefore, some of them will be briefly discussed below. 
 
3.5.1.1   Nusselt number 
The Nusselt number, Nu expresses the dimensionless temperature gradient at a surface. It 
is the ratio of the heat transferred from a surface to the heat conducted away by the fluid. It 
is thus considered as a measure of the ratio between convective and conductive heat 
transfer. In forced convection, the Nusselt number usually depends on only the Reynolds 
and the Prandtl numbers (Equation (3.4)) while in free convection, the Nusselt number is 
normally a function of the Grashof and the Prandtl numbers (Equation (3.5)) [73, 74]: 
 
Pr).(Re,fNu =  (3.4) 
 
Pr).,(GrfNu =  (3.5) 
  
It is defined in Equation (3.6) as: 
 
,
tk
hLNu =  (3.6) 
 
where L  is the characteristic length of the geometry under consideration, 
h  is the convective heat transfer coefficient, and 
tk  is the thermal conductivity of the working fluid. 
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3.5.1.2   Prandtl number 
The Prandtl number, Pr  defined in Equation (3.7) is a fluid property and signifies the ratio 
between molecular conduction of momentum and molecular conduction of thermal energy 
[73]. 
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In Equation (3.7),  
( )ρµν =  is the kinematic viscosity of the fluid, 
µ  is the molecular viscosity of the fluid, 
ρ  is the density of the fluid, 
tk  is the thermal conductivity of the fluid, and 
pc  is the specific heat capacity at constant pressure. 
 
3.5.1.3   Grashof number 
The Grashof number, Gr  signifies the ratio between the buoyant and viscous forces in free 
convection and is defined as shown in Equation (3.8) [73]: 
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ν
β TLgGr ∆=  (3.8) 
 
where T∆  is a temperature difference,  
 β  is the coefficient of thermal expansion of the fluid, and 
 g  is the acceleration due to gravity. 
 
3.5.1.4   Reynolds number 
The Reynolds number, Re  is the ratio of the inertial to the viscous forces in a fluid and is 
defined as shown in Equation (3.9) [74], where U  is a velocity. 
 
.Re
µ
ρUL
=  (3.9) 
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3.5.1.5   Rayleigh number 
Sometimes, instead of the Grashof number, the Rayleigh number is used. The Rayleigh 
number, Ra  is the product of the Grashof and the Prandtl numbers. It signifies the strength 
of a natural convective flow. Some dimensionless parameters; such as Re , Ra , Nu  and 
Gr  expressed as a function of a characteristic length are always identified by the particular 
characteristic dimension over which they are measured. Such parameters may be expressed 
as HRa  or DGr , indicating that the Rayleigh number is measured over the height, H of an 
enclosure while the Grashof number is measured over the diameter, D  of a pipe.  
 
.Pr
3
αν
β TLgGrRa ∆==  (3.10) 
 
3.5.2   Experimental and Numerical Studies of Natural Convection in Cavities 
Natural convection in enclosures of various configurations and under different 
experimental and/or modelling conditions has been widely studied by many authors due to 
their importance in a wide range of engineering applications. Though many of these studies 
span centuries, some of them will be reported here with the aim of examining in details, 
works that have been done so far in the studies of natural convection in cavities, and most 
especially on issues related to cavity aspect ratio and their significance to heat transfer and 
fluid flow. 
 
Yin et al [75] carried out experimental investigations on the role of the cavity aspect ratio 
on the temperature field and heat transfer rate within cavities using rectangular enclosures 
with two isothermal but differentially heated vertical side walls and two adiabatic 
connecting upper and bottom walls. Thus, air layers with a height, L and spaced at a depth, 
D are enclosed within the isothermal side walls. The two metal plates constituting the 
isothermal side walls are made of an aluminium sheet (representing the hot wall) and a 
copper sheet (representing the cold wall). These metal plates have similar cross-sectional 
area (1.005m by 0.505m) and are enclosed in a well insulated rectangular enclosure. The 
copper plate is 3.2mm thick while the aluminium plate is 12.7mm thick. The width of the 
metal plates used in this study (D = 0.505m) ensures that the end effects due to the vertical 
end surfaces are negligible and therefore approximating a two-dimensional rectangular 
cavity. 
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Using this cavity configuration; a cavity aspect ratio, DL  ranging from 4.9 to 78.7 was 
investigated for various values of temperature difference, T∆ . In order to have a better 
understanding of the natural convection process and the subsequent classification of the 
flow regimes obtained from the experimental study, the measured temperature profiles 
obtained are compared with the flow regimes proposed by Eckert and Carlson [76]. The 
temperature flow fields shown in Figures 3.3 – 3.5 represent boundary layer regimes since 
the core of the temperature fields are horizontal where dydT  for these horizontal lines are 
greater than or equal to zero. 
  
A transition flow regime, shown in Figure 3.6, is also obtained in the core of the flow field 
where dydT  for the profiles of the core temperature field are in the range of -1 to 0. In 
Figures 3.3 – 3.6, the temperature profiles at the vertical side walls show that heat is 
transferred across the air layers in the vicinity of the vertical side walls by conduction. 
These numerical results for the different vertical temperature profiles at Grashof 
number, DGr  ranging from 
51035.1 x  to 61070.2 x  show that the cavity aspect ratio exerts a 
strong influence on the limit of flow regimes for the studied experimental cases. 
 
 
Figure 3.3. Temperature profile for D = 0.0508m [75]. 8.9=DL  
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Figure 3.4. Temperature profile for D = 0.0762m [75]. 5.6=DL  
 
 
Figure 3.5. Temperature profile for D = 0.1016m [75]. 9.4=DL  
 
 
Figure 3.6. Temperature profile for D = 0.0381m [75]. 2.26=DL  
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In a numerical study of two-dimensional airflow in a rectangular cavity with a height, H  
and width, L  for 802 ≤≤ LH  and 53 1010 ≤≤ LRa  by Raithby and Wong [77], the top 
and bottom walls separating the air layers were prescribed with either a linear temperature 
profile (LTP) or treated as adiabatic with a zero heat flux (ZHF) while the side walls were 
made isothermal and differentially heated. The finite-difference prediction technique 
employed for solving simultaneously equations of vorticity and stream function employed 
in the study was based on the numerical scheme of Wong and Raithby [78] with equal grid 
spacing in the horizontal and vertical directions of the entire solution domain. The 
numerical results shown in Figure 3.7 indicate similar dependence for the Nusselt number, 
Nu  on the aspect ratio, A  of the cavity investigated for boundary conditions involving 
both ZHF and LTP in this study. However, significantly lower heat transfer is obtained 
using the LTP end-wall boundary condition than the ZHF end-wall boundary condition, 
even at cavity aspect ratio as large as 40 (see Figure 3.7). 
 
 
 
Figure 3.7. Dependence of average Nusselt number on aspect ratio at constant Rayleigh 
number for both LTP and ZHF boundary conditions [77] 
 
In order to extend further the range of vertical aspect ratio, LH  that have been studied and 
the determination of the effects of both LH  and the Rayleigh number, Ra  on heat transfer 
rates within rectangular cavities; ElSherbiny et al [79] studied heat transfer by natural 
convection experimentally across vertical and inclined air layers of thickness L , height, 
H  and width, W  in a rectangular cavity. The air layers in this study are inclined at an 
angle, φ  to the horizontal plane of the bottom end wall. Two copper plates measuring 
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mmxx 7.12635635  and maintained at two different isothermal temperatures, with a fairly 
constant temperature difference of about 20oC between the isothermal vertical plates were 
employed for the study. The distance between the copper plates can be adjusted so that the 
thickness of the air layers enclosed between them can be varied. The top and bottom end 
walls connecting the two differentially heated isothermal copper plates together were 
prescribed with a linear temperature profile (LTP).  
  
Using the experimental measurement approach adopted in this study; LH  ratios studied 
were in the range of 5 to 110 while a range of  7.5 to 110 were considered for the 
horizontal aspect ratios, LW . This range of LW  employed for this study ensures that the 
Nusselt number, Nu  is independent of the horizontal aspect ratio, ( )LWAH =  and thus 
make the assumption of two-dimensionality valid for the investigations carried out in the 
study. The angle of inclination,φ  of the air layers to the horizontal was in the range 
00 900 ≤≤ φ over a Rayleigh number, Ra  in the range of 210  to 7102x . The experimental 
results shown in Figure 3.8 indicate that Nu  is independent of φ  in the range 
00 9060 ≤≤ φ  and only for lower values of the vertical aspect ratio. The correlation shown 
in Equation (3.11) below was used for the Nusselt number distribution for φ  in the range 
00 9060 ≤≤ φ , with the experimental data showing a maximum deviation of 6.5% from the 
correlation of Hollands et al [80].  
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Figure 3.8. Dependence of Nusselt number on cavity orientation [79]. All data points are 
obtained from [79]. Solid and broken curves are fittings obtained from [80] 
 
( ) ( )[ ] .306090 0900600 00 == −+−= φφφ φφ NuNuNu  (3.11) 
 
Korpela et al [81] studied the dependence of the Nusselt number, Nu  on the vertical aspect 
ratio, LH  for heat transfer in a multi-cellular flow of air layers of thickness, L  in a 
rectangular cavity with two differentially heated but isothermal vertical side walls of 
height, H  by integrating numerically the Boussinesq equations using the finite difference 
approach. In this study, air ( 71.0Pr = ) at a constant Grashof number, HGr  of 7104.6 x was 
used as the cavity fluid for varying aspect ratio, LH  of 10 to 20. The study shows that 
flow in cavities with LH  from 12.5 to 15 changes from a conduction-dominated flow 
regime to a multi-cellular flow regime, and then to a unicellular flow in a transition regime 
as HGr  increases. It was also found (Figure 3.9) that for fixed vertical aspect ratio and 
HGr , maximum Nusselt number is obtained at the corner of the cavity, with this Nusselt 
number corresponding to regions where the cold fluid swept down the cavity meets the hot 
wall. 
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Figure 3.9. Local values of Nusselt number for convection of air in cavity with a vertical 
aspect ratio of 20 [81] 
 
The use of a multi-grid approach in a finite difference scheme where residual errors can be 
smoothened and propagated on coarser grids in order to accelerate convergence of iterative 
solution of the steady-state form of the Boussinesq equations was employed by Ramanan 
and Korpela [82]. They studied natural convection of air layers in a tall, vertical cavity of 
aspect ratio, LHA =  in the range of 2510 ≤≤ A  and Grashof number based on the 
height of the cavity, HGr  in the range of 
87 10102 ≤≤ HGrx . In the two-dimensional study, 
the two vertical side walls were isothermal and differentially heated while the end walls 
were either made perfectly conducting or insulated. The Nusselt number, Nu  obtained for 
varying cavity aspect ratio, A  and Grashof number, HGr  employed in these investigations 
(Table 3.2) shows a non-significant influence of the conditions of the end walls on heat 
transfer within the cavity. 
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Table 3.2. Nusselt number for insulated ( I ) and conducting ( C ) boundary conditions as a 
function of aspect ratio ( A ) and HGr  [82] 
Nu  at increasing HGr  values 
  
7102x  
 
7104x  
 
7106x  
 
7108x  
 
810  
A  I C  I C  I C  I C  I C 
10.0  18.84 17.61  23.12 21.55  25.99 24.18  28.11 26.11  29.75 27.59 
12.5  17.94 17.00  22.23 20.99  25.11 23.69  27.32 25.76  29.18 27.48 
15.0  18.06 17.33  21.54 20.51  24.23 23.00  26.31 24.94  28.05 26.54 
17.5  19.26 18.74  21.44 20.61  23.89 22.90  25.93 24.67  27.61 26.21 
20.0  21.03 20.67  22.46 21.86  23.94 23.14  25.74 24.82  27.44 26.42 
22.5  23.1 22.87  24.10 23.62  25.11 24.48  26.13 25.38  27.16 26.40 
25.0  25.36 25.21  26.03 25.58  26.77 26.26  27.51 26.89  28.25 27.53 
 
In an attempt to have a better understanding of the flow in an enclosure and the effects of 
the Prandtl number on the cavity flow in the steady-state flow regime, Ravi et al [83] 
investigated natural convection numerically in a square cavity ( 1=LH ) of air layers for 
84 1010 ≤≤ Ra . The two vertical walls of the cavity were differentially heated while the 
connecting horizontal walls were perfectly insulated (adiabatic). The flow was assumed to 
be two-dimensional and incompressible while the cavity fluid has Prandtl number ( Pr ) 
varying from 0.71 to 7.0. 
  
The results of the numerical investigations at a Rayleigh number, Ra of 810  show the 
occurrence of flow separation (indicated by the sharply spreading of the corner flow into 
the interior, forming a jump-like structure) and recirculation (indicated by the trapping of 
the pocket of fluids formed between the boundary layers on the vertical sides of the cavity 
on one side and the flow spreading into the interior of the cavity on the other side) at the 
top left and lower right corners of the enclosure while the thickness of the boundary layers 
remains almost the same as the Prandtl number, Pr increases (Figure 3.10). By increasing 
the Prandtl number of the cavity flow, the size of the recirculation and separation zones at 
the top left and bottom right corners of the cavity however shrinks. The separation zones 
disappear when Pr exceeds 1.2 (Figure 3.10(d) – (f)) while the recirculation zones 
disappear when Pr exceeds 1.4 (Figure 3.10(e) & (f)). 
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(a) (b) 
 
 
(c) (d) 
 
 
(e) (f) 
Figure 3.10. Evolution of flow structure with varying Prandtl number at 810=Ra  [83]:  
(a) 85.0Pr =  (b) 0.1Pr =  (c) 2.1Pr =  (d) 4.1Pr =  (e) 6.1Pr =  (f) 8.1Pr =  
 
The effects of the inlet air stream (air jet) on opposing wall for similar range of horizontal 
and vertical aspect ratios (that is, 5.15.0 ≤≤ LW  and 5.15.0 ≤≤ LH ) were studied 
experimentally by Karimipanah [84] inside a slot-inlet ventilated room under an issuing jet 
velocity of 10.82 m/s. An impingement region, the region between the point where the 
influence of the opposing wall begins and the end of the enclosure in the ventilated room, 
was identified to be about 30% of the enclosure length, and holds irrespective of the length 
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of the enclosure. The relative location of the point of minimum velocity (rotation centre) 
was also discovered to be independent of the length of the room. 
 
The experimental and numerical study of steady, laminar, natural convection of air layers 
in an Insulating Glass Unit (IGU) of vertical aspect ratio, LHA =  of  40 by Lartigue et al 
[85] employed a two-dimensional modelling approach in the numerical investigation while 
Particle Image Velocimetry (PIV) was used experimentally to study the velocity field of 
the cavity. The cavity has two vertical walls that are isothermal, with differential heating 
on the vertical walls while the connecting horizontal walls were made adiabatic. The 
results of the numerical study show a unicellular flow in the conduction regime where 
1=Nu over the height of the cavity (except close to the horizontal connecting adiabatic 
walls) at a Rayleigh number, Ra of 3550 (Figure 3.11(a)). 
 
An increase in the Rayleigh number of the flow beyond 3550 and up to 10,102 results in 
multi-cellular patterns of airflow characterised by regular instability of the cavity flow. In 
this region, the multi-cellular flow patterns are still in the conduction regime (Figures 
3.11(b) & (c)) as indicated by an average Nu  of 1). The multi-cellular flow pattern in the 
region where 3500 < 10102≤Ra  is not yet a fully-developed turbulent flow is highly 
unstable. Any disturbance introduced to the flow in this region will disrupt the regular 
fluctuation observed in the cavity flow in Figures 3.11(b) & (c). The magnitude of the 
disturbance introduced into the flow in this regime will determine whether the flow will 
revert back to the laminar regime or grow to a fully developed turbulent flow regime. The 
flow in this region is therefore in a transition flow regime. 
  
An increase in the Rayleigh number of the cavity flow, resulting in increased agitation of 
the cavity flow, increases the amplitude of the fluctuation and therefore causes irregular 
fluctuation to occur in the cavity. This is seen in Figures 3.11(d) & (e) where the average 
Nusselt number is higher than 1. The irregularity in the flow fluctuation becomes fully 
intensified at 750,17=Ra . The flow in this region ( 200,14≥Ra ) is in a fully-developed 
turbulent flow regime. It was also shown that the number of cells obtained in the cavity 
flow decreases as Ra increases (Figure 3.12 and Table 3.3). No fluctuation is observed in 
the flow for a Rayleigh number of 3550 (Figure 3.12(a)) and therefore indicates a 
unicellular flow. 
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(a) (b) 
 
 
(c) (d) 
 
(e) 
Figure 3.11. Evolution of local Nusselt number, Nu  against the dimensionless height, 
AZ  for varying Rayleigh number, Ra  [85]. 40=A  is the vertical aspect ratio of the 
cavity: (a) 3550=Ra  (b) 6800=Ra  (c) 10102=Ra  (d) 14200=Ra  (e) 17750=Ra  
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(a) (b) (c) (d) (e) 
Figure 3.12. Numerical streamlines for 40=A  [85]: (a) 3550=Ra  (b) 6800=Ra   
(c) 102,10=Ra  (d) 200,14=Ra  (e) 750,17=Ra    
 
Table 3.3. Number of cells obtained at varying Rayleigh number [85] 
Ra  Number of Cells 
6800 16 
10,102 14 
14,200 13 
17,750 11 
 
In a numerical study of natural convection of air layers of thickness, H  and having a 
Prandtl number, Pr  of 0.71 in a tall cavity of height, L  (vertical aspect ratio, HLA =  of 
16) under Rayleigh number in the range of 53 10610 xRa ≤≤ carried out by Zhu and Yang 
[86]; the equations governing the fluid flow were solved by a direct numerical approach 
based on the accurate projection method proposed by Brown et al [87] for the convective 
flow components, the overall Nusselt number and the evolution of the flow field. The 
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vertical side walls of the rectangular cavity are isothermal but differentially heated with hot 
and cold wall temperatures of hT  and cT  ( ch TTT −=∆ ) while adiabatic walls connect the 
two differentially heated isothermal walls together. Using the above numerical approach 
proposed by Brown et al [87], the cavity flow was therefore solved as transient and 
incompressible using constant fluid properties (except for the density formulation where 
the Boussinesq approximation was employed). 
  
 
(a) 
 
 
(b) 
 
Figure 3.13. Flow and temperature fields for 710=Ra  [86]. (a) Streamlines labelled 1, 2, 
…, 8, 9 correspond to ( )PrRaψψ =+  values: 5, 10, 15, 20, 22, 24, 26, 28, 30.5 (b) 
Isotherms labelled by 1, 2, …, 8, 9 correspond to 4.04.0 ≤Θ≤− . Θ  is a non-dimensional 
temperature given by ( )( ) TTTT hc ∆+−=Θ 2  and increases by 0.1. T  is a reference 
temperature. 
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In order to establish the reliability of the numerical scheme employed for this study, a 
benchmark problem was solved at a Rayleigh number, Ra  of 710 . The temperature and 
flow fields obtained at a Ra  of 710  (see Figure 3.13 above) were in good agreement with 
those of Le Quéré and Roquefort [88]. The numerical results for the flow fields obtained 
from this study and shown in Figure 3.14 below for varying Rayleigh number, Ra  indicate 
that the number of cells from a multi-cellular cavity flow decreases as Ra  increases. Cells 
totalling 4 and 3 were obtained for Ra  of 11000, 14000 while a single (1) cell was 
obtained at a Ra of 20,500. These results are consistent with the numerical results of 
Lartigue et al [85]. 
 
   
(a) (b) (c) 
 
Figure 3.14. Flow fields for: (a) 000,11=Ra  and ( )== Pr* Raψψ 5, 10, 15, 20, 25, 30, 35 
(b) 000,14=Ra  and ( )== Pr* Raψψ 5, 10, 15, 20, 25, 30, 35, 40, 44 (c) 500,20=Ra  and 
( )== Pr* Raψψ 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 54 [86] 
 
Numerical (using the Reynolds Stress Model (RSM)) and experimental investigations of 
velocity characteristics in a long, slot-ventilated three-dimensional enclosure 
( 32.5=HL ) of depth, L (=13.3m), width, W (=2.46m) and height, H (=2.5m) carried out 
by Moureh and Flick [89] show the formation of two flow recirculation regions when the 
inlet slot is located centrally on the wall in a single-sided ventilation approach (Figure 
3.15). The primary recirculation region occupying the front part of the enclosure delimits 
mixing activities in the secondary recirculation region located at the back of the enclosure. 
This therefore makes the secondary flow located at the rear of the enclosure to be poorly 
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supplied by the primary recirculation region (air jet) located in the front part of the 
enclosure. The secondary flow at the rear of the enclosure is therefore characterised by low 
air velocities (Figure 3.16). Figure 3.16 also reveals the formation of flow separation, 
where the wall jet separates from the ceiling at a distance of about 47 and 36% respectively 
from the end of the enclosure. 
 
 
 
(a) 
 
 
(b) 
 
Figure 3.15. Airflow pattern on the symmetry plane of enclosure for a centrally located 
inlet slot – comparison between experimental and numerical (RSM) results [89]:  
(a) Experimental (b) Numerical 
 
 
 
Figure 3.16. Decay of the jet velocity along the enclosure for a centrally located inlet slot: 
comparison between experimental and numerical results (RSM) [89] 
 
However, when a lateral inlet slot (the location of the inlet slot is near the side of the 
vertical wall) is employed using the same single-sided ventilation approach, the separation 
of the wall jets is prevented (Figures 3.17 & 3.18). It also improves the homogeneity of the 
airflow distribution within the enclosure and increases the “Coanda Effect”- the attachment 
of the wall jet to the ceiling of the enclosure. 
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Figure 3.17. Decay of the jet velocity along the enclosure for a laterally located inlet slot: 
comparison between experimental and numerical results (RSM) [89] 
 
 
(a) 
 
(b) 
Figure 3.18. Horizontal velocities for laterally located inlet slot - comparisons between 
experimental and numerical results (RSM) [89]: (a) 1.0=z  and 3m (b) experimental data 
at 6=z , 9.5 and 12m. z  is the length of the enclosure. 
 
In a related study carried out by Moureh et al [90] on the velocity characteristics, airflow 
patterns and the effects of jet confinement in slot porous boxes; a reduced scale model of a 
trailer (a long refrigerated truck) having similar vertical and horizontal aspect ratio to that 
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used by Moureh and Flick [89] in airflow studies of a ventilated empty enclosure was 
investigated experimentally and numerically. The experimental investigation employed 
Laser Doppler Velocimetry (LDV) while the numerical investigation involved the use of 
FLUENT, a commercial Computational Fluid Dynamics package that works on the finite 
volume technique. In the numerical investigation, a second-moment closure technique 
employing the Reynolds Stress Model (RSM) for modelling turbulence was used. 
 
Moureh et al [90] carried out the modelling of the slot-ventilated enclosure in two separate 
categories: the modelling of an empty enclosure and the modelling of a packed enclosure. 
In the case of the packed enclosure, modelling the enclosure as a single flow domain saves 
computational time and eases the burden on the memory requirements needed for carrying 
out the numerical investigation in this category. The results of the numerical investigations 
show predicted velocity profiles (Figure 3.19b) to be within 3-30% of the measured 
velocities (Figure 3.19a) while the wall jet deviates slightly (Figure 3.20) from the ceiling 
and attaches itself to the top of the packed beds of porous boxes at an approximate non-
dimensional distance of 0.4 (along the jet axis) to reach the end of the enclosure. 
 
 
(a) 
 
(b) 
Figure 3.19. Comparison of the contour levels of longitudinal normalized velocity, oz UU  
in the symmetry plane [90]. smU o /5.11=  is the inlet mean velocity. (a) Experiment  
(b) Numerical 
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Figure 3.20. Influence of the load configuration on the jet decay: experimental data [90] 
 
In an experimental investigation carried out by Wu and Ching [91] to study the effect of 
wall partition on the characteristics of laminar natural convection in an air-filled cavity of 
height, H  and width, L ; one of the vertical walls of the cavity and the partitioned top wall 
of the two-dimensional cavity ( 1=LH ) were differentially heated while the bottom wall 
and the other vertical wall of the cavity were cooled. The introduction of incense smoke 
illuminated by a sheet of laser light enabled the flow field to be visualized and recorded by 
a digital camera. The results of the investigations at a Grashof number, HGr  of 
8103.1 x  
and non-dimensional top wall temperature of approximately 1.4 reveal distinct changes in 
the flow field inside the cavity for a case having no partition on the top wall (Figure 3.21) 
in comparison with another case having partitions at various instances on the top wall 
(Figure 3.22). 
 
 
 
Figure 3.21. Flow pattern across the entire width of the square cavity without the partition 
for non-dimensional top wall temperature of approximately 1.4 [91] 
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(a) 
 
 
(b) 
 
 
(c) 
 
 
(d) 
 
Figure 3.22. Flow patterns across the entire width of the partitioned square cavity for non-
dimensional top wall temperature of approximately 1.4 with the partition attached at:  
(a) 1.0=Hx  (b) 2.0=Hx  (c) 4.0=Hx  (d) 6.0=Hx  [91] 
 
3.6   Summary 
The theory and characteristics of natural ventilation systems and a review of some 
experimental and numerical studies of natural convection were carried out in this chapter 
of the thesis. The review shows the effects of different experimental and modelling 
conditions on heat transfer and fluid flow in cavities of various aspect ratios. It also assists 
in the understanding of cellular natural convection in these cavities. In all the review 
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carried out here; the work of Karimipanah [84], Moureh and Flick [89] and Moureh et al 
[90] are the only three-dimensional (3D) studies involving both the vertical aspect ratio, 
LH  and the horizontal aspect ratio, LW . Though the experimental work of ElSherbiny 
et al [79] involves LW  in the range of 7.5 to 110, the width of the cavity studied being 
sufficiently long in the direction of the flow supports the two-dimensional approach to the 
study. 
 
The abundance of information on experimental and/or numerical studies of natural 
convection in cavities of two dimensions (2D) reviewed herein and in others not reported 
here is understandable. The use of numerical techniques in these studies up till the early 
1990s has been constrained by the limited amount of computational resources (memory 
and speed) available for carrying out such investigations [92]. The need for adequate fine 
grids for discretizing flow domains and especially in near-wall regions where the reliability 
of numerical results are affected by the presence of walls in the solutions of the Navier-
Stokes equations placed so much computational constraints on 3D modelling requirements 
and as such, carrying out most of these studies in 2D seems the obvious choice. Also, the 
non-availability of super-fast computers with the capacity and capability of huge memory 
requirement and computational speed required for handling 3D problems encouraged 
investigations of 2D cases. 
  
The advent of advanced computing techniques and the development of super-fast 
computers therefore cause renewed interest in 3D numerical studies. Advances in 
turbulence modelling and the need to investigate the effect of the horizontal aspect ratio, 
LW  on the characteristics of heat transfer and fluid flow in cavities of varying 
configurations increase the interest in 3D numerical studies. The reviewed works carried 
out in chapter three of this thesis show LH  and LW  to be respectively in the range of 
1101 ≤≤ LH  and 1107.0 ≤≤ LW . However, no information is available as carried out 
in this review and to the best of the author’s knowledge on 3D studies of the velocity and 
temperature flow fields in naturally ventilated wall cavities of buildings. It is therefore of 
interest to the author in this thesis to investigate numerically and experimentally the 
characteristics of the velocity field in a thin, slot-ventilated wall cavity (a high aspect ratio 
enclosure) in order to propose control and management strategies for the remediation of 
moisture and condensation in such a cavity. 
 83 
The depth of wall cavities to be modelled in this thesis is 0.05m. Such cavities are found in 
modern constructions in the United Kingdom and satisfy the Building Regulations’ 
requirements for the prevention of rainwater ingression into buildings [93]. 
Experimentally, the determination of the airflow patterns for the slot-ventilated wall cavity 
in this thesis will be based on a measurement approach similar to that of the Particle Image 
Velocimetry (PIV) technique of airflow measurement. 
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CHAPTER FOUR 
CFD MODELLING  
4.1   What is CFD? 
Computational Fluid Dynamics (CFD) analyses systems involving fluid flow, heat transfer 
and other associated phenomena, such as chemical reactions, by means of computer-based 
simulation. It is thus a mathematical study of the numerical techniques employed to 
determine the solutions of equations governing fluid flow. With advances in computer 
technology and computing techniques, CFD has become a popular and efficient tool for 
obtaining solutions to many fluid flow and heat transfer problems, even for complicated 
geometries [92, 94]. 
 
The main goal of CFD techniques is the approximation and the subsequent mathematical 
manipulation of unknown flow variables by means of simple functions in order to obtain 
solutions to any fluid flow or heat transfer problem; with the different CFD methods such 
as finite difference, finite elements and finite volume, being products of the way in which 
the flow governing equations are approximated and manipulated to yield the desired 
results. Though there are many commercially available CFD codes (such as PHOENICS, 
FLUENT, STAR-CD, FLOW3D) using the finite volume approach for solving heat 
transfer and/or fluid flow problems, the main objective of all these codes is the solution of 
the Navier-Stokes equations governing fluid flow and/or heat transfer problems. 
 
4.2   The Need for Computational Techniques of Flow Studies 
The use of computational techniques for many problems provides a cost–effective 
alternative to such problems; offering the flexibility for studying flows in various 
geometries and under varying boundary and flow conditions. In laboratory measurements, 
these changes may be very expensive and in some instances, not possible. Additionally, the 
opportunities of studying in-part phenomena can be achieved computationally by turning 
off various physical effects from the computational codes and/or models under 
investigation. 
  
Furthermore, detailed information can be obtained from a flow field using computational 
techniques since the results are for larger number of points in the flow domain than in a 
regular laboratory measurement. Therefore, the use of conservation laws for the fluid flow 
problem under study, boundary conditions and where appropriate, initial conditions with 
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well developed mathematical models can thus be valuable in the formulation of the 
necessary strategies for the development of optimal airflow and ventilation requirements 
for remediating moisture and condensation in slot-ventilated vertical wall cavities of 
buildings. 
 
4.3   Computational Model 
The system under investigation is an empty three-dimensional wall cavity shown in Figure 
4.1 below. The interior of the cavity constitutes the flow domain and is filled with air. The 
cavity has flow inlets and outflows (slot-ventilation openings) located on the same side of 
its outer wall, forming a single-sided ventilated cavity. In order to prevent rainwater 
ingression into the cavity, the lower ventilation openings are located at  100mm above the 
ground level. This spacing of the lower ventilation openings from the ground level is 
maintained for all sides of the cavity’s front wall. As a result of this spacing, the upper 
ventilation openings assume a near ceiling-slot inlet arrangement.  
  
 
 
Figure 4.1. Wall cavity model (not drawn to scale). All dimensions are in metres. 
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The flow of air over the building façade enclosing the cavity is a wind-driven pressure 
regime, where localized lower pressure regions at the floor of the cavity causes the air to 
flow in the direction of the pressure gradient. The ventilation openings at the lower end of 
the wall cavity model shown in Figure 4.1 above fall into the inner region of the 
atmospheric boundary layer, which exists just above the ground. In this region, the wind is 
affected by frictional forces exerted by structures such as trees, buildings and fences on the 
surface of the earth. This causes the intensity of turbulence due to the wind arising from 
such structures on the earth surface to be high at locations very close to the ground. 
   
The magnitude of the turbulent intensity in this region depends on the nature of the terrain 
at or around the site of buildings [70]. However at higher locations above the ground level, 
the intensity of the turbulence decreases with height. Thus, the average wind speed 
increases with height above the ground. This causes a variation in the profiles of the mean 
wind speed (Figure 3.2) from different terrains [71]. Since lower wind speeds are obtained 
very close to the ground in comparison with higher wind speeds at locations above the 
ground, lower wind pressures (Equation (4.1)) are therefore obtained at regions very close 
to the ground in comparison with higher wind pressures at other higher locations above the 
ground. In Equation (4.1), 
wp  is the mean pressure due to the wind flow on to or away from a surface, 
pc  is the static pressure coefficient, 
oρ  is a reference air density, and 
hw  is the wind speed (known as a reference wind speed) at a datum level, usually at the  
height of a building or opening. 
 
For wind-driven flow over the exposed surface of the cavity’s front wall, the force driving 
the airflow into the wall cavity is therefore the pressure difference, wp∆  due to the upper 
and lower ventilation openings separated by a vertical distance, vS . The airflow into the 
wall cavity is therefore in the direction of the higher wind pressure (this is the airflow 
around the upper ventilation openings) assisted by the wind pressure difference, wp∆  
occurring between the upper and the lower ventilation openings. As a result, the upper 
ventilation openings serve as the flow inlets while the lower ventilation openings constitute 
the flow outlets. The location of the upper ventilation openings very close to the sides of 
the cavity’s front wall is known as a lateral inlet slot design and has been shown to 
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improve the homogeneity of airflow distribution and the ventilation efficiency of an 
enclosure in contrast to centrally located inlet slots [89]. 
 
 .21 2hopw wcp ρ=  (4.1) 
 
A square cross-section, with height, H  and width, L  for the front and back walls of the 
cavity is employed for this study. In this thesis therefore; the height, H  and the width, L  
of the cavity are equal ( == HL  2 or 3m). Air layers of thickness, W  (0.05m) are thus 
enclosed between the walls of the cavity. The majority of the studies on the assessment of 
wind effects on buildings and other structures are carried out in wind tunnels, where scaled 
models of the structures under investigation are employed for the studies. This is due to the 
nature of the complex interaction between the wind and the exposed surfaces of these 
structures. Although wind tunnel tests enable measurements to be obtained on different 
scaled geometries and orientations of buildings; values of the external pressure coefficient, 
pc  are available for a limited number of geometrical configurations and wind incidence 
angles. 
 
The square cross-sections for the front and back walls of the cavity studied in this thesis 
are therefore chosen due to the availability of pressure coefficient data for low-rise 
buildings (up to three storeys) needed for modelling the pressure-driven cavity flows to be 
undertaken in this study. As a result of this, a square cross-section having equal height to 
width ratio (1:1) for the front and back walls of the cavity and where pressure coefficient 
data are available for unsheltered buildings for wind flowing at right angle to the surface of 
the building façade is employed [49]. The dimensions of the cavity’s height and width (2 
or 3m) for this square configuration conform to the requirements of Building Regulations 
Part A [95] for non-residential buildings.   
 
The numerical and experimental investigations for the remediation of moisture and 
condensation in the cavity of vertical walls carried out in this thesis are in relation to 
buildings belonging to the English Heritage located in Manchester, United Kingdom (case 
studies). These are historic but non-residential buildings located in the urban areas of this 
city. As a result of the non-residential nature of these buildings, the focus of this study will 
be centred on the effects of the pressure-driven wind flow in the remediation of moisture 
and condensation in the vertical wall cavity of the buildings. 
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The computation of the cavity flows under the pressure-driven flow mode is a forced 
convective process where air is admitted into the wall cavity through the ventilation 
openings with higher wind pressure values. All cavity walls are assumed perfectly 
insulated (adiabatic) for this purpose. Values of the reference wind speed, hw  at the 
position of the lower and the upper ventilation openings (measured at the reference heights, 
1h  and 2h ) for varying diameter, D  of the circular ventilation openings are shown in Table 
4.1 as 
1hw  and 2hw  respectively. The reference heights, 1h  and 2h  are measured from the 
bottom of the cavity (reference datum) to the centroid of the lower and the upper 
ventilation openings. 
  
The reference wind speeds 
1hw  and 2hw  are therefore obtained by correcting the 
meteorological wind speed, mv  from a weather station in Manchester (Ringway) [96] to 
the wind speeds at reference positions 1h  and 2h  on the site of the Heritage buildings. The 
meteorological wind speeds relate to the speeds at a standard 10m height in an open 
Meteorological Office site [70]. The inlet wind speed, 
2hw  employed in this study is 
therefore chosen as the reference wind speed corresponding to a higher wind pressure, 
2hw
p . The wind pressure difference, wp∆  in Table 4.1 is obtained from Equation (4.2). A 
similar value for the pressure coefficient, pc  of  0.7 [49] at 90o wind incidence angle is 
employed in Equation (4.2) for the upper and lower ventilation openings since these 
openings are located on the same side of the wall cavity (single-sided ventilation 
approach). 
 
 Table 4.1. Reference wind speeds (m/s) and pressure differences (Pa) for wall cavity 
ventilation using various size of moderately spaced circular openings. The height, H  of 
the cavity is 2m. 
  D = 110mm  D = 125mm  D = 152mm 
*
mv  
 1hw  2hw  wp∆   1hw  2hw  wp∆   1hw  2hw  wp∆  
0.6  0.1 0.2 0.01  0.1 0.2 0.01  0.1 0.2 0.01 
1.2  0.3 0.5 0.07  0.3 0.5 0.07  0.3 0.5 0.07 
2.4  0.5 1.0 0.34  0.5 1.0 0.34  0.5 1.0 0.34 
4.8  1.1 2.0 1.26  1.1 2.0 1.26  1.1 2.0 1.26 
12.0  2.6 4.9 7.81  2.7 4.9 7.57  2.7 4.9 7.57 
24.0  5.3 9.8 30.75  5.3 9.8 30.75  5.4 9.8 30.27 
*: Values of mv  are obtained from the Manchester (Ringway) meteorological office using 
the CIBSE Guide J [96]. 
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The reference wind speeds 
1hw  and 2hw  are obtained from Equation (4.3) [46] below. 
Values of sK  and a  are shown in Table 4.2 below. Corrections for the height and location 
of buildings are therefore embodied in Equation (4.3), where 
mv  is the mean wind speed at 10m height in open country, 
sK  is a parameter relating the reference wind speed to the nature of the terrain, and 
a  is the exponent relating the reference wind speed to the height above the ground. 
 
.
a
smh hKvw =  (4.3) 
 
Table 4.2. Wind speed terrain and height parameters [46] 
Terrain sK  a  
Open, flat country 0.68 0.17 
Country with scattered wind breaks 0.52 0.2 
Urban 0.35 0.25 
City 0.21 0.33 
 
Although the focus of this study is on pressure-driven cavity flows, three ambient 
temperatures of -20oC (253.15K), 1oC (274.15K) and 20oC (293.15K) are employed in the 
computation of the cavity flows under the buoyancy-driven flow mode. Two of these 
ambient temperatures, -20oC (253.15K) and 20oC (293.15K), represent extreme conditions 
of winter and summer temperatures while 1oC (274.15K) is a borderline condition between 
the above extreme temperature conditions. The choice of these three ambient temperatures 
against a fairly constant back wall temperature, bT  of 283.15K (assuming the interiors of 
the buildings are well insulated) will enable the velocity characteristics of the wall cavity 
to be compared under certain stack (or buoyancy) and wind pressure differences (Table 
4.3). Airflow into or out of the wall cavity studied in this thesis also occurs by virtue of the 
stack pressure difference, sp∆  between the ambient air and the air in the wall cavity. 
 
This pressure difference arises as a result of the difference in temperature between the 
ambient air and that within the wall cavity. The direction of the airflow into or out of the 
wall cavity depends on the temperature of the ambient air and that within the cavity. When 
the temperature of the air inside the wall cavity is greater than that of the ambient air, cold 
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air from the ambient environment enters the cavity through openings at the lower part of 
the cavity while warm air inside the cavity escapes through the openings at the upper part 
of the cavity. A reversed flow (opposite to that described above) occurs when the 
temperature of air in the wall cavity is lower than that of the ambient air. The stack (or 
buoyancy) pressure difference between two openings separated by a vertical distance, vS  
is given in Equation (4.4) [49] where, 
g  is the gravitational acceleration, 
oT  is the ambient air temperature, and 
iT  is the inner cavity temperature. 
  
An estimate of the inner cavity temperature, iT  is given in Equation (4.5) while the vertical 
separation, vS  between the ventilation openings is given in Table 4.4 below for varying 
diameter, D  of the openings. 
 
( ).1 iovos TTgSp −−=∆ ρ  (4.4) 
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Table 4.3. Stack pressure difference for a range of ambient temperature and size of circular 
ventilation openings 
Ambient  Inner Cavity  Density  Stack (Buoyancy) Pressure Difference 
Temperature  Temperature  oρ   sp∆  (Pa) for Varying Circular Slot Size 
oT  (K)  iT  (K)  (kg/m3)  D = 110mm D = 125mm D = 152mm 
253.15  268.15  1.389  -1.29 -1.28 -1.26 
274.15  278.65  1.289  -0.35 -0.34 -0.34 
293.15  288.15  1.205  0.35 0.34 0.34 
 
The stack (or buoyancy) pressure difference, sp∆  of -0.34 and 0.34 obtained from circular 
openings with diameters of 125 and 152mm for ambient temperatures of 274.15 and 
293.15K (Table 4.3) are similar to a wind pressure difference, wp∆  of 0.34Pa from Table 
4.1 for a wall cavity ventilated by similar size of openings while the stack (or buoyancy) 
pressure difference of -0.35 and 0.35Pa obtained from circular openings with a diameter of 
110mm from Table 4.3 for similar ambient temperatures of 274.15 and 293.15K are 
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comparable to a wind pressure difference, wp∆  of 0.34Pa under an inlet wind speed, 2hw  
of 1.0m/s (a deviation of -2.94% exists between wp∆  and sp∆ ). 
  
At an inlet wind speed, 
2hw  of 2.0m/s however, sp∆  for an ambient temperature of 
253.15K and wp∆  for circular ventilation openings with a diameter of 152mm are similar 
while a comparable difference of -2.38 and -1.59% respectively exist between a wind 
pressure difference, wp∆  of 1.26Pa and a stack (or buoyancy) pressure difference, sp∆  of 
1.29 and 1.28Pa for circular ventilation openings with a diameter of 110 and 125mm under 
an ambient temperature of 253.15K. The positive and negative signs associated with the 
stack pressure differences in Table 4.3 represent the direction of the net heat transfer from 
the cavity. Heat is transferred from the cavity to the ambient environment for temperatures 
253.15 and 274.15K while there is a transfer of heat from the ambient environment into the 
wall cavity for temperature 293.15K. 
  
Since a maximum deviation of -1.59% exists between the wind pressure difference, wp∆  
and the stack (buoyancy) pressure difference, sp∆  for the range of ambient temperature, 
oT  (253.15 – 293.15K) against a fairly constant back wall temperature, bT  of 283.15K 
employed in this thesis; the computation of the cavity flows due to the stack pressure 
difference, sp∆  between two openings in this chapter of the thesis is based on circular 
ventilation openings with a diameter of 125mm. For the computation of the buoyancy-
driven flows therefore, the front and back walls of the cavity are modelled as isothermal 
but differentially heated surfaces. Under this condition, the front wall of the cavity is 
prescribed with a uniform temperature fT  while the back wall of the cavity is prescribed 
with a uniform temperature bT  (Figure 4.1). However, the connecting walls are made 
perfectly insulated (adiabatic). The temperature of the cavity’s front wall, fT  is assumed to 
be the same as that of the ambient, oT . 
 
In the third modelling approach, the buoyancy-driven approach of flow computation is 
combined with the pressure-driven mode. Six different flow cases are considered here. For 
these cases, wind pressure differences of 0.34 and 1.26Pa for the 125mm diameter circular 
ventilation openings are compared against stack pressure differences of 0.34, -0.34 and -
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1.28Pa for the same size of openings. These cases, arising from the selective combination 
of these stack and wind pressure differences together, will help in establishing whether 
reinforcing or counteracting flows are obtainable under the different modelling conditions 
employed in this thesis. The properties of the air layers in the wall cavity in all the 
modelling approaches are evaluated at a mean temperature, mT  defined in Equation (4.5). 
 
For the ambient temperatures of -20oC (253.15K), 1oC (274.15K) and 20oC (293.15K); the 
Prandtl numbers for air layers in the wall cavities corresponding to these temperatures are 
0.719, 0.715 and 0.713. A maximum variation of about 0.83% occurs in the range of these 
Prandtl numbers. The air layers in the wall cavity are thus considered to have a constant 
Prandtl number, Pr  of 0.7 for this study. Using the three modelling approaches described 
above therefore, the computation of flows for air layers in the wall cavity studied in this 
thesis are for Grashof number based on the thickness of the air layers, WGr  and in the 
range 55 1025.81099.1 xGrx W ≤≤ . This corresponds to a Rayleigh number based on the 
thickness of the air layers, WRa   and in the range 
55 1078.51039.1 xRax W ≤≤ . 
  
The circular ventilation openings (Figure 4.2); with diameters of 110, 125 and 152mm 
employed in this study are chosen in order to reduce flow loss at entrance into the cavity 
due to “edge effect” arising from sharp corners on non-circular slots while the rectangular 
ventilation slots employed are those found in real building ventilation applications [49]. 
The rectangular ventilation slots are 65, 140 and 215mm in height, h . These rectangular 
ventilation slots are of equal width, bw  (215mm) while the depth of these slots flushed 
perfectly into the building facade on which they are located. 
  
 
Figure 4.2. Configuration of a circular opening of diameter, D showing ventilation baffles 
on its surface. 
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The advantage of the numerical modelling of airflow in the wall cavity studied in this 
thesis using a single-sided ventilation approach is that the pressure and buoyancy forces 
influencing airflow in the cavity can be evaluated both separately and collectively. It is 
difficult to separate pressure and buoyancy forces during measurement in a real building. 
The use of CFD to numerically predict the characteristics of the airflow in the wall cavity 
studied in this thesis therefore helps in a better understanding of the separate and combined 
effects of  the pressure and buoyancy (or stack) forces in this cavity. 
 
The employment of a lateral, near-ceiling inlet slot design in the study of the airflow 
characteristics in an empty, long refrigerated enclosure (the ratio of the depth of the 
enclosure, L  and the height of enclosure, H  is 5.32) by Moureh and Flick [89] has been 
shown to prevent the separation of the air jets from the upper wall (ceiling) of the 
ventilated enclosure (compare Figure 3.17 with Figure 3.16). In this thesis however, a thin 
slot-ventilated enclosure ( HW  = 0.025 or 0.017 where W  is the depth of the enclosure 
and H  is the height of enclosure) is employed in a similar single-sided ventilation 
approach to that of Moureh and Flick [89]. Further investigation on the behaviour of the air 
jet in this thesis will be deferred to a later chapter. 
  
Distances HS  and vS  in Figure 4.1 are based on measurements from the centroid of all 
ventilation slots or openings. The values of the separating distances HS  and vS , the width 
of the cavity, L  and the number of the ventilation openings, N  adopted for the wall cavity 
model studied in this thesis are as shown in Tables 4.4 and 4.5 below. All model 
parameters in Tables 4.4 and 4.5, except N , are in metres. 
 
Table 4.4: Model parameters for circular slot-ventilated wall cavity. All parameters, except 
N, are in metres. 
Number of Slot Width of Cavity Diameter of Slot 
  110.0=D   125.0=D   152.0=D  
  vS  HS   vS  HS   vS  HS  
4=N  2=L  1.69 1.69  1.68 1.68  1.65 1.65 
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Table 4.5: Model parameters for rectangular slot-ventilated wall cavity. All parameters, 
except N, are in metres. 
Number of Slot Width of Cavity Height of Slot 
  065.0=h   140.0=h   215.0=h  
  vS  HS   vS  HS   vS  HS  
4=N  2=L  1.74 1.59  1.66 1.59  1.59 1.59 
 3=L  2.74 2.59  2.66 2.59  2.59 2.59 
          
6=N  2=L  1.74 0.79  1.66 0.79  1.59 0.79 
 
The computation of the cavity flows for all ventilation slots undertaken in this thesis 
employed the nominal size of the slots, oA  although the surface of these ventilation 
openings is an aggregate of smaller units called ventilation baffles. The baffles prevent 
insects, rodents and other small animals or objects from blocking the ventilation openings 
or slots. A range of the overheat ratio,δ  of 0.03 to 0.12 obtained from Equation (4.6) 
below enables the Boussinesq approximation to be used in the formulation of the air 
density, ρ  at mT  since δ < 0.2 [97]. The use of the Boussinesq approximation enables the 
specific heat capacity, pc , thermal conductivity, tk , coefficient of thermal expansion, β , 
and the molecular viscosity, µ  to be formulated with constant fluid properties at mT . 
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By employing FLUENT, a commercial CFD code using the finite volume approach, the 
equations governing the airflow in the cavity are solved using a staggered grid arrangement 
in three dimensions (3D). The governing equations for the incompressible flow 
encountered in the wall cavity studied in this thesis are the steady-state Reynolds-averaged 
Navier-Stokes (RANS) equations, expressed in conservative forms, and shown in Equation 
(4.7) below. The energy equation is as represented in Equation (4.8) [94]. 
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From Equations (4.7) and (4.8) above, 
iu , ju , lu , iu′ , ju′  are mean and fluctuating velocity components, 
ix , jx , lx  are coordinate axes, 
p
 is the air pressure, 
,T t  are mean and fluctuating temperatures, 
)Pr( tp kcµ=  is the Prandtl number, 
jiuu ′′− ρ , tu jρ−  are Reynolds and thermal stresses, and 
ijδ  is a Kronecker delta. 
 
Equation (4.7a) is for the conservation of mass while Equation (4.7b) is the momentum 
equation in the x-, y-, and z-directions. Viscous dissipation and radiation are not considered 
here. 
 
4.4   Boundary Conditions 
In this study, adiabatic walls are used except for the two isothermal walls employed in the 
computation of the buoyancy-driven flows. The isothermal walls consist of the front or 
outer wall (indicated by the blue colour in Figure 4.1) and the back or inner wall (indicated 
by the red colour in Figure 4.1) and are differentially heated. The front (outer) wall is 
prescribed with a uniform temperature, fT  while the back (inner wall) is prescribed with a 
uniform temperature, bT . Thus, the boundary conditions employed for the computation of 
the cavity flow in this thesis under all modelling conditions are shown in Equations (4.9) – 
(4.13) below. Equations (4.9) and (4.10) are for the buoyancy-driven version of the flow. 
 
bTT =  at 0=z . (4.9) 
 
fTT =  at Wz = . (4.10) 
 
0=
∂
∂
y
T
 at 0=y  and Hy = . (4.11) 
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0=
∂
∂
x
T
 at 0=x  and Lx = . (4.12) 
 
The no-slip velocity boundary conditions are prescribed on all cavity walls and shown in 
Equation (4.13) below. 
  
0=== wvu  at 0=x , Lx = , 0=y , Hy = , 0=z , Wz = . (4.13) 
 
The computational domain, consisting of bounding solid walls, whose boundary conditions 
are as given in Equations (4.9) to (4.13) above, is also surrounded by flow inlets and 
outlets. Uniform distribution is assumed for the kinetic energy of turbulence, k , turbulent 
energy dissipation rate, ε  and the velocity component, 
2hw  at the flow inlets. At the inlet 
boundaries therefore, 0
22
== hh vu  while 2hw  takes the following values: 0.2, 0.5, 1, 2, 4.9 
and 9.8m/s. The velocity values here are close to the lower and upper extremes of the 
typical range of incident wind speeds found on building sites for ventilation applications 
[49]. 
 
The turbulent kinetic energy, k  at the flow inlets is expressed as shown in Equation (4.14) 
[94], where I , expressed as per cent, represents the turbulence intensity of the z-velocity 
component at the flow inlets while the turbulent dissipation rate,ε  is expressed as shown 
in Equation (4.15) [94], with HD  denoting the hydraulic diameter of the inlet sections. The 
hydraulic diameter is used to calculate the inlet-based Reynolds number for determining if 
a flow is laminar or turbulent. The hydraulic diameter for a circular section is however the 
same as its geometric diameter. µC  is an empirical constant, with a value of 0.09 [98]. 
 
( ) .23 22 Iwk h=  (4.14) 
 
.
07.0
5.175.0
HD
kCµε =  (4.15) 
 
Uniform pressure assumption and zero gradients for all transport variables are applied at 
the outflows. At the near-wall regions where viscous effects become more dominant, the 
standard ε−k  turbulence model, using wall functions of the non-equilibrium logarithm 
type, for bridging the viscosity-affected near-wall regions with the fully turbulent core, is 
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employed [98, 99]. The choice of this model for this study is based on the performance of 
the model in producing fairly accurate results in comparison with the RNG and Realizable 
ε−k  turbulence models under similar modelling conditions [100]. A summary of the 
boundary conditions applied on the computational domain is presented in Table 4.6 below. 
 
Table 4.6: Boundary conditions on computational domain 
                               Velocity                               Pressure                           Turbulence 
Inlet                    0
22
== hh vu                                   -                              
2)(23
2
Iwk h=  
                        
2hw  =  2.0 , 5.0 , 1                             -                              
HD
kC
07.0
5.175.0
µε =  
                                   2 , 9.4 , 8.9  
 
Outflow                       -                                      Constant                                - 
 
Walls                       0=== wvu                             -                                      -          
 
4.5   Differencing Scheme 
Equations governing fluid flow can be re-cast into a more condensed form, shown in 
Equation (4.16), and referred to as the unsteady conservation equation for the transport of a 
scalar variable, φ  [94]. The scalar variable, φ  represents any quantity such as energy, 
dissipation rate, momentum, mass and turbulent kinetic energy. 
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φΓ  and φS  in Equation (4.16) above are respectively the diffusion coefficient and a net 
source term. It can be shown that by making φ  = 1, φΓ  = 0 and φS  = 0, the unsteady form 
of Equation (4.7a) can be recovered from Equation (4.16), and represented as Equation 
(4.17). 
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By integrating Equation (4.16) above over a control volume V , we have that 
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The two terms on the left-hand side of Equation (4.18) respectively denotes the rate of 
change term and the convective term while those on the right-hand side respectively 
denotes the diffusion term and the source term. By discretizing Equation (4.18) over a 
control volume or cell in a computational domain, the unknown scalar variable φ  is stored 
at the centre of the control volume and other neighbouring cells in the computational 
domain. The discretization of Equation (4.18) over a control volume takes the form of 
Equation (4.19) below, where the subscript nb  refers to neighbour cells surrounding the 
control volume over which Equation (4.18) is discretized for a scalar variable, φ  stored at 
the centre, C  of the control volume. Ca  and nba  are the linearized coefficients for Cφ  and 
nbφ  in Equation (4.19) above while ob  is a source term. 
 
,o
nb
nbnbCC baa +=∑ φφ  (4.19) 
 
The process of discretizing Equation (4.18) over a control volume in a computational 
domain can be shown using the two-dimensional representation of a control volume 
(shown shaded) in Figure 4.3 below. 
 
 
Figure 4.3. Two dimensional representation of a control volume. 
 
The control volume in Figure 4.3 has four faces labelled n , e , s  and w , and 
corresponding to north, east, south and west face respectively. By designating the centre of 
the control volume with a grid point, C ; four other grid points surrounding C  and labelled 
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N , E , S  and W  can be shown to correspond respectively to the north, east, south and 
west grid point on the control volume. Another grid point lying in the upstream or 
“upwind” direction of W  is designated as WW . Values of scalar variables needed for the 
evaluation of the convection terms in Equation (4.18) are those existing over the face of 
cells, and not at the centre of cells in a computational domain. In order to obtain values of 
scalar variables at the face of cells therefore, the cell-centre values have to be 
approximated or interpolated to cell faces. 
 
By considering the west face of the control volume shown in Figure 4.3 for example, the 
diffusion terms in Equation (4.18) can take a profile of the form shown in Equation (4.20), 
where 
WA  is the area of the west face, 
wh  is the distance between the nodes, W  and C , 
WD  is the diffusion coefficient at the west face, and 
Cφ  and Wφ  denotes the cell-centred and face value of a scalar variable, φ  
 
).()( WCWWC
w
w D
h
A φφφφ −≡−Γ  (4.20) 
 
The treatment of the convection terms in Equation (4.18) on the same west face of the 
control volume can assume a profile of the form given in Equation (4.21), where 
WC  is the convection coefficient at the west face, 
WU  is the velocity of flow into the west face, and 
WA  is a matrix coefficient at the west face, represented by Equation (4.22). 
 
.WWWWW CAU φφρ ≡  (4.21) 
 
.)0,( WWW DCMaxA +=  (4.22) 
 
Similar analysis for the evaluation of the diffusion and convection terms, described in 
Equations (4.20) to (4.22), can be obtained for the remaining three faces of the control 
volume as well. Mathematical relations that interpolate cell-centre values to cell faces are 
called differencing schemes. Although various types of differencing scheme are available, 
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one scheme may provide significantly different results from another based on the differing 
nature of the schemes and flow conditions employed. Schemes that are relevant to this 
study are used, and will be briefly discussed below. 
 
4.5.1   Second-Order Upwind Scheme 
The second-order upwind scheme requires a Taylors series expansion of the cell-centred 
values about the cells’ centroid, in addition to the values stored at cell centres [101]. It 
gives improved accuracy over the first-order upwind scheme, where the face value of a 
scalar variable is assumed to represent an average of the cell-centred value of the variable, 
since numerical (false) diffusion associated with the first-order upwind scheme is reduced. 
The second-order upwind scheme for a scalar variable, φ  is expressed as 
 
,.
,
rSOUf
rφφφ ∇+=  (4.23) 
 
where 
SOUf ,φ  is the face value of the scalar variable interpolated from the cell-centred value,φ  
using the second-order upwind approach, 
φ∇  is the gradient of φ  in the upstream cell, and 
r
r
 is the displacement vector from the centroid of the upstream cell to the face centroid. 
 
4.5.2   Central-Difference Scheme 
The central-difference scheme approximates the face value of a scalar variable as an 
average between two adjacent cell-centred values, 1φ  and 2φ . This is expressed as 
 
)...(21)(21 221121, rrCDf
rr φφφφφ ∇+∇++=  (4.24) 
 
1 and 2 refer to cells adjoining the face where the cell-centred values of a scalar variable, 
φ  are to be interpolated while 1φ∇  and 2φ∇  are the reconstructed gradients of cells 1 and 
2. 
 
The treatment of the diffusion terms for the second-order upwind and the central-difference 
schemes are of the form shown in Equation (4.20) above, and will therefore not be 
discussed further here. 
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4.6   Turbulence Modelling 
The need for turbulence modelling, in addition to solving the RANS equations (Equation 
(4.7)) above has grown tremendously over the years. This is as a result of the need to 
capture the different sizes of turbulent eddies, responsible for the transport and mixing of 
turbulence in fluid flow, on an appropriate scale. At high Reynolds number, chaotic and 
randomized movement of fluid particles characterises the state of turbulence, in which 
there is a continuous change in velocity and pressure with time within substantial regions 
of a flow. The Reynolds stresses, jiuu ′′− ρ  in Equation (4.7b) and the turbulent heat fluxes, 
tu jρ−  in Equation (4.8) must be properly modelled for closure of the equations. 
  
The form of the closure obtained in these two equations depends on the type of the 
turbulence model used. Using the two equation ε−k  model employed in this thesis, 
jiuu ′′− ρ  can be related to the mean velocity gradients within the cavity flow as represented 
in Equation (4.25) using the Boussinesq hypothesis [101]: 
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The Kronecker delta, ijδ  in Equations (4.7b) and (4.25) takes the form shown in Equation 
(4.26) while tµ  in Equation (4.25) is the turbulence viscosity. 
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The advantage of the Boussinesq approach lies in the relatively low computational cost 
associated with the evaluation of the turbulent viscosity, tµ  [94, 101]. With the ε−k  
turbulence model, two additional equations for the turbulent kinetic energy, k  and the 
turbulent dissipation rate, ε  are solved [94, 98, 101]. 
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From Equations (4.27) and (4.28), kG  represents the generation of turbulent kinetic energy 
due to the mean velocity gradients, and presented in Equation (4.29) while bG  represents 
the generation of turbulent kinetic energy due to buoyancy, and presented in Equation 
(4.30). kσ  and εσ  are the turbulent Prandtl numbers for k  and ε  [94] respectively. 
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From Equation (4.30) above, 
β  is the coefficient of thermal expansion, 
 ig  is the component of the gravitational vector, 
tPr  is the turbulent Prandtl number for energy, and 
ixT ∂∂  is the gradient of the temperature (energy) field. 
 
The turbulent viscosity, tµ  is computed as a function of k  and ε  [98], and is expressed in 
Equation (4.31). 
 
.
2
ε
ρµ µ
kCt =   (4.31) 
 
All other empirical constants not previously defined, with the exception of ε3C - the degree 
to which ε  is affected by buoyancy, take the values shown in Table 4.7 below. ε3C  is 1 
[94] for the buoyant shear layers since the main flow is aligned with the direction of 
gravity. 
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Table 4.7: Empirical constants in the ε−k  turbulence model [98] 
ε1C  ε2C  kσ  εσ  tPr  
1.44 1.92 1.0 1.3 0.85 
 
The coefficient of thermal expansion, β  in Equation (4.30) is defined as shown in Equation 
(4.32); with the density, ρ  varying from 1.39 to 1.21 kg/m3 for air temperature, oT  in the 
range of -20oC (253.15K) to 20oC (293.15K) employed in this thesis. 
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The turbulent heat flux term in Equation (4.8) is represented as shown in Equation (4.33) 
below. 
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The ε−k  turbulence model, since its introduction by Launder and Spalding [98], has 
found extensive use in industries because of their modest requirements for computing 
resources, robustness, and their performance in obtaining fairly accurate predictions in 
most flows. 
 
4.7   Numerical Scheme and Method of Solution 
Meshes of high density, consisting of hybrid cells (hexahedral and wedge cells) were 
generated using the graphical package called GAMBIT [101] and employed for 
discretizing the computational domain of the slot-ventilated wall cavity into numerous 
control volumes of about 1.5 million cells. The discretized forms of the equations 
governing the cavity flow were then solved on a control-volume basis using a pressure-
based solver, where a segregated solution algorithm was employed to solve the governing 
equations sequentially, that is, segregated from one another. The implicit formulation of 
the pressure-based solver used in the numerical technique causes a symmetric block Gauss-
Siedel – a point implicit linear equation solver, to be used in conjunction with an Algebraic 
Multi-grid (AMG) method to solve the resultant block of equations, of the form shown in 
Equation (4.19), for all N dependent variables in each cell. 
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The momentum, energy and other scalar variables constituting the convection terms on the 
cell faces were obtained using the second order upwind scheme in order to reduce 
numerical diffusion while the second-order accurate central-differencing scheme was 
employed for the diffusion terms of the governing equations. Since FLUENT adopts a co-
located scheme, where pressure and velocity values are both stored at the centre of 
computational cells, it therefore implies that cell-centred pressure values also have to be 
interpolated to obtain pressure values at the faces of cells. To do this, a pressure 
interpolation scheme called PRESTO! (PREssure STaggering Option) was adopted. 
 
The PRESTO! Scheme is applicable to all forms of meshes, and computes the face 
pressure using the discrete continuity balance for a “staggered” control volume similar to 
that of Patankar [102]. In order to model the interaction between pressure and velocity, 
pressure correction was carried out on Equation (4.7a) so as to couple together pressure 
and velocity values in Equations (4.7a) and (4.7b) using the SIMPLE (Semi-Implicit 
Method for Pressure-Linked Equations) algorithm for pressure-velocity coupling described 
by Patankar [102]. 
 
Using the size of the flow inlet as a dominant length scale in the description of the airflow 
regime in a non-dimensional form, Reynolds number ranging from 1774 to 152,577 was 
used as basis for the selection of the appropriate turbulence model à priori. Consequently, 
the two-equation, eddy-viscosity model ( ε−k ) was then used for modelling turbulence in 
the wall cavity. FLUENT, like many other commercial types of software, categorises flow 
as either laminar or turbulent. This is based on the assumption that errors made in ignoring 
the region of transition and its detailed structure are always very small since the transition 
region often constitutes a small fraction of the flow domain [94]. 
 
In order to bridge the viscosity-affected near-wall regions and the fully turbulent core of 
the cavity together, a two-layer based, non-equilibrium wall functions was used. This wall 
functions sensitized the Launder and Spalding’s logarithmic law for mean velocity to 
pressure-gradient effects in the flow [98]. The kinetic energy of turbulence in the near-wall 
cells is computed based on the assumption that the cavity flow can be regarded as made of 
a viscosity-affected near-wall regions and the fully turbulent core. Thus, the use of the non-
equilibrium wall functions effectively relaxes the local equilibrium assumption adopted by 
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the standard wall functions in computing the budget of kinetic energy of turbulence at the 
near-wall cells [103, 104]. 
    
The flow over the building façade enclosing the cavity is a wind-driven pressure regime, 
where the wind pressure difference, wp∆  (Equation (4.2)) between the upper and the lower 
ventilation openings drives the flow through the inlets. The convergence of the steady, 
incompressible cavity flow was checked by ensuring that the scaled residual, φR  defined in 
Equation (4.34) below, is less than 410−  for all variables, except the energy term, where 
φR  is less than 610− . User modifications, where applicable, were made to the 
implementation of the turbulence model employed in the FLUENT codes. 
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CHAPTER FIVE 
NUMERICAL RESULTS FOR CIRCULAR SLOT-VENTILATED WALL CAVITY 
5.1   Grid Independence Analysis 
The reliability of numerical results for turbulent flow modelling depends on the grid 
resolution of the geometry being modelled among other things, since turbulence plays a 
dominant role in the transport of mean momentum and other parameters of the flow. 
Strong interaction between the mean flow and turbulence thus makes the numerical results 
more susceptible to grid dependency than those in laminar flows. For wall-bounded flows, 
the proximity of inlet opening (s) to the wall affects the dissipation of fluid energy and 
hence, the transport of mean momentum and other scalar quantities of the flow. This 
becomes particularly important for viscous fluid where complete energy dissipation due to 
viscous damping of the fluid may be obtained. In order to obtain accurate information on 
flow in near-wall regions therefore, sufficient mesh must be placed in these regions. 
  
For modelling of turbulent flows, higher mesh densities and most especially in near-wall 
regions, are needed as a result of the susceptibility of the numerical results to grid 
dependency. A mesh density that is too fine should be avoided since the wall functions 
cease to be valid in the viscous sub-layer [94, 101, 102]. A fine mesh also places a major 
constraint on computing time, speed and space available for modelling the flow. An 
alternative to employing high-density meshes throughout the computational domain for 
turbulent flow modelling is in the use of wall functions approach. Wall functions are 
mathematical relations that link together solution variables in near-wall cells with the 
corresponding quantities on the wall [101]. 
  
The wall functions approach enables lower mesh density to be used in areas far away from 
the wall in relation to higher mesh density in near-wall regions. The wall functions 
approach thus ensures that the near-wall regions and the fully developed turbulent core are 
properly linked or bridged. It is therefore in the view of the above considerations that a 
grid independence study is carried out to determine the optimum mesh density required for 
the numerical modelling adopted in this thesis. 
 
The grid independence study carried out employed five meshes of varying cell number. 
Each mesh was processed using the standard ε−k  model and employing the standard wall 
functions at an inlet wind speed, 
2hw  of 0.5m/s (Re = 3303) and a Rayleigh number, HRa  
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of 101044.1 x . Table 5.1 detailed the nodes and +y  characteristics of all meshes, with the 
refinements carried out among them also highlighted in the table. Table 5.2 presents the 
nodes and predicted values of the surface heat transfer coefficient, h using the same wall 
functions approach mentioned above. 
 
The +y  value defined in Equation (5.1) measures the distance between the cell centroid 
and the wall for wall-adjacent cells, with the distance expressed in wall units. 
 
.
µ
ρ τ yuy =+  (5.1) 
 
In Equation (5.1) above, y  is a near-wall distance while τu  denotes the shear velocity and 
defined in Equation (5.2) as: 
 
( ) .5.0ρττ wu =  (5.2) 
 
 
Table 5.1: Grid independence analysis – mesh nodes and +y  characteristics 
 Nodes Maximum +y  Minimum +y  Average +y  
Mesh A 364, 250 137.05 0 68.53 
Mesh B 546, 375 126.73 0 63.37 
Mesh C 728, 500 115.19 0 57.60 
Mesh D 910, 625 66.23 0 33.12 
Mesh E 1, 092, 750 61.47 0 30.74 
 
 
Table 5.2: Grid independence analysis – mesh nodes and the predicted surface heat transfer 
coefficient 
 Nodes Surface Heat Transfer Coefficient, h 
  Minimum (W/m2K) Maximum (W/m2K) 
Mesh A 364, 250 -0.68 1.75 
Mesh B 546, 375 -16.57 5.29 
Mesh C 728, 500 -21.23 5.99 
Mesh D 910, 625 -26.24 6.12 
Mesh E 1, 092, 750 -32.39 6.26 
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All meshes in Table 5.1 exhibit high maximum +y  values, indicating that their resolutions 
are to the turbulent outer layer (that is, +y >30) and thus located within the logarithmic 
section of the boundary layer. However, the average +y  values of Meshes A – C in Table 
5.1 are significantly higher than those of Mesh D and Mesh E, as to demonstrate the 
coarseness of Meshes A – C. 
  
The average +y  values of Mesh D and Mesh E in Table 5.1 are lower and extend to the 
outer region of the boundary layer, indicating their complete resolution to the turbulent 
outer layer. The average +y  value of Mesh D in Table 5.1 though indicate complete 
resolution to the turbulent outer layer ( +y >30), a +y  value of 30.74 obtained for Mesh E 
in Table 5.1 indicates a closer value to the lower bound of the acceptable distance between 
the cell centroid and the wall for wall-adjacent cells (that is, 30< +y <300). 
 
Table 5.2 shows the predicted surface heat transfer coefficient, h for each mesh using the 
same wall functions approach adopted in Table 5.1. It can be seen from Table 5.2 that a 
substantial reduction in the minh  value and a significant increase in the maxh value are 
obtained between Mesh A and Mesh B. A refinement of the meshes between B and C 
shows a reduction of about 28.12% in the minh  value and a corresponding increment of 
about 13.23% in the maxh  value. By refinement the meshes further from C to D, the value 
of minh  reduces by about 23.60% when the mesh density is increased by 25% while the 
value of maxh  increases by about 2.17% for the same increment in mesh density. 
  
A further increment of the mesh density by 20% from D to E only results in a reduction of 
about 23.44% in the value of minh  while the value of maxh  increases by about 2.29% for the 
same mesh increment. With Mesh D and E showing a comparable change in the value of 
minh  ( a difference of 0.16% for the percentage reduction in the value of minh  between 
Mesh D and Mesh E) and maxh  (a difference of 0.12% for the percentage increment in the 
value of maxh  between Mesh D and Mesh E), this suggests that a suitable degree of 
independence is shown by the numerical results. 
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Figure 5.1 below shows the predicted normalised profiles of the y-velocity at the mid-
position of the cavity width (0.5W) on 0.5L for the different mesh densities employed for 
this grid independence study. The velocity profiles predicted by Mesh D and Mesh E are 
comparable and show clear differences from those of Meshes A – C, again suggesting grid 
independence with the two finest meshes. Therefore with Mesh D and Mesh E predicting 
almost identical results, it can be concluded that a suitable degree of grid independence is 
shown by the numerical results. In consideration of the processing infrastructure and time 
constraints, the marginal performance advantages shown by the finest mesh (Mesh E) do 
not justify the increased cell number of 20% and the extended processing time obtained 
when the meshes were refined from D to E. Henceforth, all numerical results discussed in 
this thesis are obtained using Mesh D. 
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Figure 5.1. Grid independence analysis: Normalised counter-stream mean velocity profiles 
at 0.5W and 0.5L. The height, H of the cavity is 2m. 
 
5.2   Discussion of Results 
The global field characteristics of the cavity flows discussed in this thesis are based on 
combined two-dimensional velocity contour maps and airflow patterns (streamlines), and 
the velocity distributions within the cavities for flow fields in the yx −  measurement 
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plane. The velocity contour maps and airflow patterns in the zy −  and zx −  measurement 
planes are not presented in this thesis due to insufficient data in the description of the flow 
features on these planes. The insufficient data on these two measurement planes are as a 
result of the significantly thin width of the planes in the zy −  and zx −  directions in 
contrast to the yx −  measurement plane (the ratio of the area of the zy −  and zx −  
planes to the yx −  plane are 1:40). 
  
The patterns of airflow shown in Figure 5.2 below are therefore obtained from the 
numerical results for a simulated flow driven by a wind pressure difference, wp∆  of 7.81Pa 
at a reference wind speed, 
2hw  of 4.9m/s at various locations along the axisz −  (depth of 
the cavity) for circular ventilation openings with a diameter of 110mm. It is evident from 
Figure 5.2 below that there are no significant changes in the patterns of the airflow under 
the above simulation condition on the different yx −  measurement planes. The airflow 
pattern shown in Figure 5.2(a) is in the vicinity of the front wall of the cavity where all 
ventilation openings are located while the pattern of airflow shown in Figure 5.2(e) is on a 
measurement plane very close to the back wall of the cavity. All walls of the cavity 
modelled in this thesis are stationary reference frames and thus, the prescription of the no-
slip velocity boundary conditions on them (see Equation (4.13)). As a result of the no-slip 
velocity conditions on these walls, stationary air layers are thus obtained on the cavity 
walls. Therefore, no flow information can be obtained on the front cavity walls where all 
ventilation openings are located. 
  
The patterns of airflow present in Figure 5.2 are obtained from measurement planes within 
the wall cavity studied in this thesis and parallel to the yx −  plane of the wall cavity 
where no ventilation openings exist. All discussions about the velocity characteristics of 
the cavity flows in this chapter are those on the yx −  plane in the middle ( mz 025.0= ) of 
the cavity. The choice of this measurement plane for the discussion of the numerical results 
in this chapter is based on the assumption that the integrity of the measurements taken on 
this plane is not affected by interference due to the impingement of the air jets issuing from 
the inlet openings on the back wall of the cavity. Further analysis and discussion on the 
interference due to this impingement will be investigated in the next chapter of the thesis. 
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(a) mz 005.0=  (b) mz 015.0=  
  
(c) mz 025.0=  (d) mz 035.0=  
 
(e) mz 045.0=  
Figure 5.2. Patterns of airflow on different measurement planes: Papw 81.7=∆ , 
smwh /9.42 = , mD 110.0= . All measurement planes are parallel to the yx −  plane in 
Figure 4.1. 
X 
Y 
Z 
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Circular ventilation openings of diameter 110, 125 and 152mm are employed in the 
investigations carried out in this chapter of the thesis. These ventilation openings are 
therefore characterised by their diameter. In this chapter therefore, numerical results from 
the computation of the cavity flows under the three flow modes (pressure-driven flow 
mode, stack- or buoyancy-driven flow mode and the combined pressure- and buoyancy-
driven flow mode) are presented and discussed. 
 
5.2.1   Characterisation of Ventilation Slots Spacing 
The distance between ventilation slots employed in this thesis plays an important role in 
the nature of the interaction and the degree of mixing of jets issuing from these slots and 
hence, the global characteristics of the cavity flows obtained using these slots. In order to 
properly characterise the velocity flow field from these ventilation slots, the variation in 
the horizontal distance, HS  between these slots will be used as a criterion. Table 5.3 below 
therefore gives the various description of the spacing criteria adopted in this thesis. 
 
Table 5.3: Spacing criteria for ventilation slots 
Horizontal Distance, HS  (m) Spacing description 
HS <1.59 Close 
1.59 HS≤ <2.59 Moderate 
≥HS 2.59 Wide 
 
5.2.2   Characteristics of the Velocity Fields 
The patterns of airflow and the velocity contour maps for all cavity flows in this thesis are 
superimposed for ease of description. The superimposition of the airflow patterns and the 
velocity contour maps therefore enables important features of the flows to be identified. 
The numerical results of the cavity flows from the circular ventilation openings employed 
in this thesis are presented in Figures 5.3 – 5.15. The velocity fields for the moderately 
spaced circular ventilation openings for all flow modes employed in this thesis and under 
different modelling and simulation conditions are as shown in Figures 5.3 – 5.8 while 
Figure 5.9 represents the temperature fields for a wall cavity ventilated by the 125mm 
diameter circular openings. 
  
The distributions of the x-velocity in the cavity for all circular ventilation openings under 
the pressure-driven flow mode are represented by Figures 5.10 and 5.11. Figure 5.12 
represents the x-velocity distributions for the buoyancy-driven flow mode under varying 
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ambient temperature while Figure 5.13  and Figure 5.14 respectively represents the x-
velocity distributions for similar or comparable wind and buoyancy pressure differences 
and different wind and buoyancy pressure differences. Temperature profiles of heat 
transfer across the air layers for the different stack (buoyancy) pressure differences 
employed in this thesis are shown in Figure 5.15. 
 
The pressure-driven velocity fields shown in Figures 5.3 – 5.5, except Figure 5.5c, are 
characterised by multiple recirculation regions of varying size. The existence of these 
multiple recirculation regions, also called multi-cellular or secondary flows [85, 105], for 
all circular ventilation openings employed in this study is attributed to the small size of the 
openings, ranging from 110mm to 152mm and corresponding to nominal opening areas of 
0.001, 0.01 and 0.02m2. The small size of these circular openings causes the flow of 
airstream into the wall cavity to be in the form of high speed air jets, with high momentum 
and energy transfer associated with such flows. The effect of the jet action from the inlet 
airstreams as a result of the lateral location of the inlet openings is evident in higher 
average velocities of flow in the near-wall regions of the vertical side walls of the cavity 
and around these circular openings in comparison to other areas of the cavity. 
 
The multi-cellular cells in Figures 5.3 – 5.5 increase in size, with a corresponding 
reduction in the number of these cells for wind pressure difference, wp∆  in the range of 
0.01 to 30.75Pa. A characteristic feature of the cavity flows resulting from these wind 
pressure differences using the circular ventilation openings employed in this thesis is the 
existence of increased swirl around the outflow boundaries for inlet wind speed, 
2hw  in the 
range of 0.2 to 2m/s. This flow feature, with an average velocity of 0.5m/s or more, 
ensures that moisture-laden air is driven out of the wall cavity [49]. 
 
For all cavity flows shown in Figures 5.3 – 5.5, higher velocities of flow are experienced in 
the vertical near-wall regions of the cavity while regions far away from these vertical walls 
experience low velocities. An increase in the wind pressure difference, wp∆  driving the 
flow from 0.01 to 0.07Pa results in the average velocity of the cavity flow increasing by a 
factor of 4 (from 0.02m/s to 0.1m/s) in Figures 5.3(b), 5.4(b) and 5.5(b). A further increase 
in the wind pressure difference, wp∆  from 0.07 to 0.34Pa for circular ventilation openings 
with a diameter of 110mm causes no significant change in the average velocity of the 
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cavity flow in Figure 5.3(c) while only a slight increase in the average velocity of flow is 
observed in Figures 5.4(c) and 5.5(c) for the 125 and 152mm diameter ventilation openings 
for the same increase in the wind pressure difference, wp∆  from 0.07 to 0.34Pa. 
  
A slight increase in the average velocity of the cavity flows is also obtained in Figures 
5.3(d), 5.4(d) and 5.5(d) when the wind pressure difference, wp∆  driving the flow into the 
wall cavity is increased from 0.34 to 1.26Pa. The occurrence of low average velocities of 
flows for all circular ventilation openings driven by the wind pressure difference, wp∆  
discussed so far in this chapter may be attributed to the low wind pressure difference, wp∆  
of 0.01 – 1.26Pa driving these flows. The low wind pressure difference of 0.01 – 1.26Pa 
driving these flows are as a result of the low wind speed, 
2hw  at the inlet ventilation 
openings since the wind pressure difference, wp∆  greatly depends on the change in the 
wind speed, hw∆  occurring between 1hw  (for the lower ventilation openings) and 2hw  (for 
the upper ventilation openings ) in the single-sided ventilation approach (see Equation 
(4.2)). 
  
At a wind pressure difference, wp∆  greater than 1.26Pa in Figures 5.3 – 5.5 however; a 
significant increase of more than a factor of 1.5 in the average velocities of cavity flows is 
obtained. At a higher wind pressure difference, wp∆  (>1.26Pa); the swirl around the 
outflow boundaries observed for all the circular ventilation openings for a wind pressure 
difference of 0.01 – 1.26Pa disappears completely. Although multiple flow recirculation 
regions, except in Figure 5.5(c), are obtained in the wall cavity when the flows are driven 
by the pressure difference, wp∆ ; the multi-cellular cells obtained are of irregular shape and 
size. This is due to the irregular fluctuation or unsteadiness associated with the flow of the 
wind. 
  
The unsteadiness in the airstream entering the inlet slots into the wall cavity is therefore 
responsible for the unsymmetrical nature of the multi-cellular flow patterns observed under 
the pressure-driven flow mode present in Figures 5.3 – 5.5 and the low velocities 
associated with these flows. The unsteadiness of the cavity flows driven by the wind 
pressure difference, wp∆  is also evident in the irregular x-velocity distributions shown in 
Figures 5.10 and 5.11 where the average velocities of the cavity flows increase as the wind 
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pressure difference, wp∆  increases. It is evident from Figures 5.10 and 5.11 that higher 
average velocities (greater than 0.5m/s) of cavity flows are only obtainable at a wind 
pressure difference, wp∆  greater than 0.34Pa. 
  
In Figure 5.6 where the buoyancy (stack) pressure difference, sp∆  drives the cavity flow; 
regular and symmetrical patterns of airflows are obtained. Here, two large recirculation 
cells of similar shape and size are obtained in the wall cavity for varying stack pressure 
difference, sp∆ . The average velocities of the cavity flows in Figure 5.6 are therefore 
significantly higher than those of Figures 5.3 – 5.5 under similar or comparable wind 
pressure differences. The symmetrical nature of the cavity flows under the buoyancy-
driven flow mode is also evident in Figure 5.12 where comparable distributions of the x-
velocity component of the cavity flows, with a maximum velocity of about 6m/s, are 
obtained. These comparable velocity distributions are in agreement with the similar or 
comparable velocity fields present in Figure 5.6. 
 
The temperature fields resulting from the different stack pressure difference, sp∆  
employed in this thesis are shown in Figure 5.9 while the heat transferred across the air 
layers in the wall cavity, as a result of the temperature gradient between the isothermal but 
differentially heated front and back walls of the cavity (under different stack pressure 
differences) is shown in Figure 5.15. For ambient temperatures of 274.15 and 293.15K, 
minimal variations in the temperature of the air layers in the wall cavity (Figures 5.9(b) 
and 5.9(c)) are obtained. A plot of the dimensionless temperature, *T  (Equation (5.3)) 
against the dimensionless cavity depth, Wz  where T  is a reference cavity temperature 
shows the temperature profiles obtained between the front and back walls of the cavity in 
Figure 5.15. 
 
( ) ( )fbf TTTTT −−=* . (5.3) 
 
The numerical results in Figure 5.15 show that a significant heat transfer by conduction 
occurs within the thin boundary layers in the vicinity of the isothermal walls. This is 
evident in the sharp steepness of the temperature gradients between 0=Wz  and 
2.0=Wz  and 8.0=Wz  and 1=Wz . Across the air gap however, significant heat is 
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transferred by convection as shown by an approximate zero temperature gradient between 
2.0=Wz  and 8.0=Wz . 
 
The regular size of the multi-cellular cells and the symmetrical nature of the cavity flows 
obtained in Figure 5.6 under the buoyancy-driven flow mode are destroyed in Figures 5.7 
and 5.8 where stack pressure differences of 0.34 and 1.28Pa are combined with wind 
pressure differences of 0.34 and 1.26Pa under different modelling conditions. In Figure 
5.7, similar or comparable wind and stack pressure differences are combined together. The 
inner cavity temperature, iT  in Figures 5.7(a) and 5.7(b) is greater than the ambient 
temperature, oT  in these two cases. As a result, the less dense air (due to its reduced 
density) flows in a vertical upward direction. 
  
The rising airstream, which is driven up the wall cavity by the stack pressure difference, 
sp∆  exits the wall cavity through the upper ventilation openings. The passage of the hot 
airstream in these two cases therefore coincides with the entry of colder airstream driven 
by the wind pressure difference, wp∆  from the ambient. These opposing airflows, driven 
by similar or comparable wind and stack pressure differences in these instances, result in 
the destructive interference of the cavity flows. The average velocities of flows in Figures 
5.7(a) and 5.7(b) are therefore lower than those of Figures 5.6(a) and 5.6(b) and of similar 
or comparable values to those of Figures 5.3(c) and 5.3(d), 5.4(c) and 5.4(d), and 5.5(c) 
and 5.5(d). 
 
In Figure 5.7(c) however, downward flow of air due to similar wind and stack pressure 
differences occurs in the same direction and through the upper ventilation openings. In this 
instance, a constructive interference from both flows is obtained. This causes the average 
velocity of the cavity flow in Figure 5.7(c) to be slightly higher than those of Figures 5.3(c) 
and 5.4(c) but comparable to that of Figure 5.5(c). Although it might be expected that the 
average velocity of the cavity flow in Figure 5.7(c) will be higher than that of Figure 5.6(c) 
since a constructive flow is obtained in Figure 5.7(c) under this combined flow mode, the 
unsteadiness associated with the cavity flow in Figure 5.7(c) due to its combination with 
the wind flow from the inlet ventilation openings is responsible for its average velocity 
being lower than that of Figure 5.6(c). The reduction in the average velocities of the cavity 
flows when similar or comparable pressure differences are combined together becomes 
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more evident in Figure 5.13, where the average velocities of cavity flows are significantly 
lower than those driven by only the buoyancy forces in Figure 5.12. 
 
In Figure 5.8, different wind and stack pressure differences are combined together. Higher 
average velocity of cavity flow may also be expected in Figure 5.8(a) where the stack 
(buoyancy) pressure difference, sp∆  (1.28Pa) is significantly greater than the wind 
pressure difference, wp∆  (0.34Pa). However, the opposing nature of these two flows, 
combined with the fluctuating characteristics of the wind flow, is also responsible for the 
low average velocity of flow obtained. In Figure 5.8(b) where the wind flow and the stack 
flow travel through the same upper ventilation openings into the wall cavity, the average 
velocity of the cavity flow in Figure 5.8(b) is higher than that of Figure 5.7(c) under a 
similar flow direction since the wind pressure difference, wp∆  (1.26Pa) in this instance is 
significantly higher than the stack pressure difference, sp∆  (0.34Pa). In Figure 5.8(c), 
opposing flows similar to that of Figure 5.8(a) are obtained. Here, greater fluctuations are 
present in the wind flow ( Papw 26.1=∆ >> Papw 34.0=∆ ). As a result of this, higher 
average velocity of flow is obtained in Figure 5.8(c) in contrast to Figure 5.8(a). This is 
evident in the combined x-velocity distributions shown in Figure 5.14 when different wind 
and stack (buoyancy) pressure differences are combined together. 
 
The velocity fields for the moderately spaced circular ventilation openings for all flow 
modes employed in this thesis and under different modelling and simulation conditions 
shown in Figures 5.3 – 5.8 are characterised by multiple recirculation cells, except in 
Figure 5.5(c). The occurrence of the multi-cellular patterns of flow offers great potential 
for the remediation of moisture in the slot-ventilated wall cavity studied in this thesis. 
Interactions among the multiple recirculation cells cause the fluctuation or unsteadiness in 
the cavity flows to increase. The increased fluctuation in the cavity flows generates other 
secondary motion that further mixes the cavity fluid (air). These motions in the wall cavity 
cause a continuous disruption of the thin boundary layer in the vicinity of the cavity walls 
and therefore result in an increased turbulence of the cavity flows. The thickness of the 
viscous sub-layer is thus subsequently reduced and thereby increasing the average 
velocities of the cavity flows. The thermal barrier between the cavity fluid and the walls 
for the temperature-dependent flows (buoyancy-driven flows) is also lowered. This 
increases the Nusselt number of the cavity flows in contrast to unicellular flows [73, 106, 
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107]. Also, the turbulent nature of the multi-cellular flow patterns ensures that all corners 
of the wall cavity are reached. Unventilated pockets of air in these regions are therefore 
replaced by fresh supply of air from the ambient. 
 
5.2.3   Summary 
Numerical flow modelling in a high aspect ratio enclosure (thin slot-ventilated wall cavity 
having 40== WLWH ) under the pressure, buoyancy (or stack) and the combined 
pressure- and buoyancy-driven flow modes was carried out in this chapter of the thesis 
using circular ventilation openings. The circular openings employed are moderately spaced 
and of diameters 110, 125 and 152mm. The results of the numerical investigations show 
multi-cellular patterns of flow, except in Figure 5.5(c), for all wind and stack (buoyancy) 
pressure differences employed in this chapter. By increasing the wind pressure difference, 
wp∆  driving the flow under the pressure-driven flow mode; the fluctuation or unsteadiness 
associated with the cavity flows, which is a characteristic of the pressure-driven wind 
flows, increases. 
  
The increased fluctuation breaks the multiple recirculation cells in these flows. This causes 
a reduction in the size of these cells. The merging together of these secondary cells (the 
multiple recirculation cells) at higher wind pressure difference ( wp∆ >0.34Pa) 
subsequently causes a reduction in the number of the cells. Two large, regular and 
symmetrical recirculation cells are however obtained in the buoyancy-driven cavity flows 
under the varying stack (buoyancy) pressure difference, sp∆  employed in this chapter of 
the thesis. 
 
For cavity flows under the combined flow mode, counteracting flows with reduced average 
velocities in contrast to the buoyancy-driven flows are obtained when similar or 
comparable wind and stack pressure differences are combined together irrespective of the 
direction of each of the two flows. Similar counteracting effect is obtained if sp∆  is 
significantly greater than wp∆  for opposing flows. If wp∆  is however significantly greater 
than sp∆ , reinforcing flows are obtained irrespective of the direction of each of the two 
flows. In all these instances of the combined flow mode, the average velocities of the 
cavity flows are lower than those of the buoyancy-driven flows. For the wall cavity 
ventilated by rectangular slots; the effects of the size, spacing and number of these slots on 
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the characteristics of the cavity flows will be investigated in chapter six of this thesis. The 
geometry of these slots will be of interest in understanding the effect of entry loss on the 
characteristics of the velocity field in this cavity.    
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(a)  (b)  
  
(c)  (d)  
  
(e)  (f)  
Figure 5.3. Pressure-driven velocity fields (m/s) from moderately spaced circular openings: 
mmD 110= , mSH 69.1= . (a) Papw 01.0=∆  (b) Papw 07.0=∆  (c) Papw 34.0=∆   
(d) Papw 26.1=∆  (e) Papw 81.7=∆  (f) Papw 75.30=∆  
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(a)  (b)  
  
(c)  (d)  
  
(e)  (f)  
Figure 5.4. Pressure-driven velocity fields (m/s) from moderately spaced circular openings: 
mmD 125= , mSH 68.1= . (a) Papw 01.0=∆  (b) Papw 07.0=∆  (c) Papw 34.0=∆   
(d) Papw 26.1=∆  (e) Papw 57.7=∆  (f) Papw 75.30=∆  
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(a)  (b)  
  
(c)  (d)  
  
(e)  (f)  
Figure 5.5. Pressure-driven velocity fields (m/s) from moderately spaced circular openings: 
mmD 152= , mSH 65.1= . (a) Papw 01.0=∆  (b) Papw 07.0=∆  (c) Papw 34.0=∆   
(d) Papw 26.1=∆  (e) Papw 57.7=∆  (f) Papw 27.30=∆  
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(a) 
 
(b) 
 
(c) 
Figure 5.6. Buoyancy-driven velocity fields (m/s) from moderately spaced circular 
openings: mmD 125= , mSS Hv 68.1== . (a) Paps 28.1−=∆  ( KTo 15.253= )  
(b) Paps 34.0−=∆  ( KTo 15.274= ) (c) Paps 34.0=∆  ( KTo 15.293= ) 
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(a) 
 
(b) 
 
(c) 
Figure 5.7. Combined flow mode velocity fields (m/s) from moderately spaced circular 
openings for similar or comparable wind and stack (buoyancy) pressure differences: 
mmD 125= , mSS HV 68.1== . (a) Paps 28.1−=∆  & Papw 26.1=∆   
(b) Paps 34.0−=∆  & Papw 34.0=∆  (c) Paps 34.0=∆  & Papw 34.0=∆  
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(a) 
 
(b) 
 
(c) 
Figure 5.8. Combined flow mode velocity fields (m/s) from moderately spaced circular 
openings for different wind and stack (buoyancy) pressure differences: mmD 125= , 
mSS HV 68.1== . (a) Paps 28.1−=∆  & Papw 34.0=∆  (b) Paps 34.0=∆  & 
Papw 26.1=∆  (c) Paps 34.0−=∆  & Papw 26.1=∆  
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(a) 
 
(b) 
 
(c) 
Figure 5.9. Temperature fields (K) from moderately spaced circular openings: 
mmD 125= , mSS Hv 68.1== . (a) Paps 28.1−=∆  ( KTo 15.253= )  
(b) Paps 34.0−=∆  ( KTo 15.274= )  (c) Paps 34.0=∆  ( KTo 15.293= ) 
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(c) 
Figure 5.10. Pressure-driven x-velocity distributions (m/s) from moderately spaced circular 
openings of varying size: (a) Papw 01.0=∆  (b) Papw 07.0=∆  (c) Papw 34.0=∆  
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(c) 
Figure 5.11. Pressure-driven x-velocity distributions (m/s) from moderately spaced circular 
openings of varying size: (a) Papw 26.1=∆  (b) *65.7 Papw =∆  (c) **59.30 Papw =∆  
*: - wp∆  varies between 7.57 and 7.81Pa for varying diameter of openings at 2hw  = 4.9m/s 
**: - wp∆  varies between 30.27 and 30.75Pa for varying diameter of openings at 2hw  = 
9.8m/s 
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Figure 5.12. Buoyancy-driven x-velocity distributions (m/s) from moderately spaced 
circular openings for varying ambient temperature, oT : mmD 125= , mSS Hv 68.1==  
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Figure 5.13. Combined flow mode x-velocity distributions (m/s) from moderately spaced 
circular openings for similar or comparable wind and stack (buoyancy) pressure 
differences: mmD 125= , mSS Hv 68.1==  
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Figure 5.14. Combined flow mode x-velocity distributions (m/s) from moderately spaced 
circular openings for different wind and stack (buoyancy) pressure differences: 
mmD 125= , mSS Hv 68.1==  
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(c) 
Figure 5.15. Heat transfer across the air layers in the wall cavity: mH 2=   
(a) Paps 28.1−=∆  (b) Paps 34.0−=∆  (c) Paps 34.0=∆  
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CHAPTER SIX 
NUMERICAL RESULTS FOR RECTANGULAR SLOT-VENTILATED WALL 
CAVITY 
6.1   The Effect of Surface Proximity on the Behaviour of a Jet 
The attachment of a jet of fluid to a wall (the wall here refers to a bounding surface or a 
ceiling in the direction of the flow of the jet) or its separation from the wall determines 
whether it will be classified as a wall jet or as a free jet. Investigations on the 
characteristics of the airflow in a long, slot-ventilated refrigerated enclosure by Moureh 
and Flick [89] have shown that the airflow separates from the cavity’s ceiling (see Figure 
3.16) if a centrally located inlet slot shown in Figure 6.1(a) is employed. There is however 
no flow separation (see Figure 3.17) when a laterally-located inlet slot shown in Figure 
6.1(b) is employed. In the two cases shown in Figure 6.1, a near-ceiling inlet slot design 
(the inlet slot is positioned near the top wall or ceiling of the enclosure) is used in the 
numerical investigations. 
 
 
(a) 
 
(b) 
Figure 6.1. Schematic view of the slot-ventilated enclosure showing inlet and outlet 
positions and dimensions [89]: (a) cross-section of a centrally located inlet section  
(b) cross-section of a laterally located inlet section. 
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In order to investigate the behaviour of the air jet issuing from the rectangular ventilation 
slots employed in this thesis (Figure 6.2), a near-ceiling inlet slot design similar to the one 
employed by Moureh and Flick [89] but with a spacing of 100mm from the ceiling and 
shown in Figure 6.3 was studied in this thesis. The rectangular slots shown in Figure 6.2 
are of similar width, bw  but varying height, h . These rectangular ventilation slots are 
therefore characterized by their Inlet Aspect Ratio ( IAR ), a parameter relating the height 
to the width of each slot and defined as shown in Equation (6.1). 
 
 
 
 
(a) (b) (c) 
Figure 6.2. Configurations and dimensions (not drawn to scale) of the rectangular slots. 
Square grids on the slots represent the ventilation baffles on these slots. All dimensions are 
in mm: (a) IAR = 0.3 (b) IAR = 0.7 (c) IAR = 1.0 
 
bw
hIAR = . (6.1) 
 
 
Figure 6.3. Schematic view of the slot-ventilated wall cavity showing inlet positions in a 
near-ceiling inlet slot design. 
 
The numerical results in Figure 6.4 show the predicted behaviour of the air jet from the 
inlet slot design employed in this thesis and shown in Figure 6.3 for rectangular slots with 
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an IAR of 0.3 using the standard k-ε model and the Reynolds stress model (RSM). The 
average velocity of the air jet along the cavity’s ceiling increases up to about the mid-
position of the ceiling and decreases sharply thereafter. Although the predicted velocity 
profiles given by the standard k-ε model and the RSM in Figure 6.4 agree closely, a strong 
streamline curvature for the air jet at the mid-position of the ceiling is shown by the RSM 
with a maximum velocity of about 0.09m/s while a constant maximum velocity of 0.1m/s 
is predicted by the standard k-ε model from about mz 02.0=  to mz 03.0=  on the ceiling. 
  
0
0.02
0.04
0.06
0.08
0.1
0.12
0 0.01 0.02 0.03 0.04 0.05
Cavity Depth, z (m)
Lo
n
gi
tu
di
n
al
 
V
el
o
ci
ty
, 
w
 
(m
/s)
Near-Ceiling Inlet Slot (k-ε)
Near-Ceiling Inlet Slot (RSM)
 
Figure 6.4. Decay of the jet velocity along the ceiling of the wall cavity for a laterally 
located inlet slot. The separation, vh  is 132.5mm.  
 
The strong curvature of the flow in Figure 6.4 shown by the RSM is due to the anisotropy 
of turbulence embodied in the formulation of the RSM [94, 101]. The numerical results in 
Figure 6.4 show no separation of the air jet from the ceiling (bounding surface in the 
direction of the jet travel). The sharp gradient of the decay curve in Figure 6.4 towards the 
end of the enclosure may be attributed to the small depth, W (0.05m) of the wall cavity 
studied in this thesis. This is in contrast to a gentle gradient shown by the decay curve in 
Figure 3.17 for a long (L = 13.3m), slot-ventilated enclosure by Moureh and Flick [89]. 
The behaviour of a jet of fluid as a wall jet is therefore due to its entrainment by the 
surface (ceiling) above it that prevents it from sudden expansion.  
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The increased attachment of a fluid jet to a bounding surface (ceiling) by the “Coanda 
Effect” therefore depends on the proximity of the supply openings or slots to the ceiling 
(bounding surface) above the supply slots [46]. Further experimental investigation on the 
behaviour of an axi-symmetric isothermal jet issuing from a supply opening by 
Farquharson [108] suggests that a jet will attach itself to a bounding surface (or ceiling) 
when the distance between the supply opening and the bounding surface, vh  (see Figure 
6.5) is less than a certain critical distance, cD  expressed in Equation (6.2). In Equation 
(6.2), oA  is the nominal area of the ventilation openings or slots. 
  
 
 
Figure 6.5. Schematic representation of a wall-bounded jet [46] 
 
.6 oc AD =  (6.2) 
 
The separation, vh  (measured in metres) between the axis of the jet and the bounding 
surface can be expressed as shown in Equation (6.3) for all ventilation slots employed in 
this thesis. In Equation (6.3), h is the height of the rectangular ventilation slots while D is 
the diameter of the circular ventilation openings. The predicted critical distance, cD  from 
Equation (6.2) for the rectangular ventilation slots employed in this thesis is given is Table 
6.1 below.  
 
( )21.0 hhv += .  (6.3a) 
( )21.0 Dhv += . (6.3b) 
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Table 6.1. Prediction of fluid jet attachment to a bounding surface for rectangular slots. 
 Type of  Rectangular Slot 
 IAR = 0.3  IAR = 0.7  IAR = 1.0 
Height of Slot, h  (mm) 65  140  215 
Separation, vh  (mm) 132.5  170  207.5 
Critical Distance, cD  (mm) 709  1041  1290 
 
From Table 6.1, vh  for all rectangular slots employed in this thesis is substantially less 
than the corresponding value of the critical distance, cD . While this may suggest, as 
proposed by Farquharson [108] and as shown by the numerical results in Figure 6.4, that 
the jets issuing from these rectangular slots will adhere to the ceiling in the direction of the 
jet travel; a further numerical investigation on the attachment of the air jet to the ceiling of 
the wall cavity was carried out with the separation, vh  increased to 722.5mm. The new 
value of the separation, vh  corresponds to the addition of a distance of 690mm between the 
ceiling and the top of the IAR = 0.3 rectangular slots and the distance between the centroid 
of these rectangular slots and the top of the slots. This new numerical investigation will 
help in understanding the behaviour of the air jet on the cavity’s ceiling when the 
separation, vh  exceeds the critical distance, cD . 
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Figure 6.6. Decay of the jet velocity along the ceiling of the wall cavity for a laterally 
located inlet slot. The separation, vh  is 722.5mm. 
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The numerical result shown in Figure 6.6 above reveals that the flow separates from the 
cavity’s ceiling at a non-dimensional distance, Wz /  of about 0.54 from the end of the 
enclosure. This result is in agreement with the proposal of Farquharson [108] since the 
separation , vh  of 722.5mm in this instance exceeds the critical distance, cD  of 709mm for 
rectangular slots with an IAR of 0.3. The numerical result in Figure 6.6 therefore shows 
that the closer a ventilation opening is to the ceiling of a cavity (a smaller vh  value), the 
more difficult it is for the air jet to expand freely. Thus, the air jet is strongly entrained 
between the top of the ventilation slot and the ceiling of the cavity in contrast to one where 
the separation, vh  is significantly higher. 
 
6.2   The Effect of Jet Impingement on the Opposite Cavity Wall  
The distributions of the velocities in an enclosure for wall-bounded flows are affected by 
the speed of the air jets and the proximity of the opposite wall to the supply opening. As a 
result, the integrity of measurements taken within this region of interference may be 
greatly compromised. The design of ventilation equipment using such measurements may 
also be affected. It therefore implies that a safe distance away from the opposite wall has to 
be established where measurements are not affected by the impingement of the jets on the 
opposite wall. For a ceiling-slot jet, such as the one shown in Figure 6.7 below, the 
opposite wall may deflect the jet downward upon impingement in order to form 
recirculation bubbles at the corner of the enclosure. 
 
 
 
Figure 6.7. Effect of the opposite wall on airflow measurement due to impingement [46] 
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ISO 5219 [109] and BS 4773 [110] for diffusers specify a minimum distance of 0.5m or 
1.0m away from the opposite wall of a room or enclosure within which velocities of 
airflow are not to be measured though the above values depend on the type of diffuser 
being tested. Further investigations by Awbi and Setrak [111] for the theoretical prediction 
of an allowable safe distance (where measurements are not affected by impingement due to 
the opposite wall) showed that the interference distance as specified in ISO 5219 [109] and 
BS 4773 [110] is not constant but varies according to the height, h  of the supply opening 
and the distance, W  of the opposite wall from the supply opening. 
 
The allowable safe distance, allx  for a plane wall jet from the investigations of Awbi and 
Setrak [111] is expressed as shown in Equation (6.4) while the interference distance, intx  is 
related to allx  as shown in Equation (6.5). The distance, W  in Figure 6.7 is the same as the 
depth of the wall cavity shown in Figure 4.1 and is equivalent to the distance, L  expressed 
in Equations (6.4) and (6.5). Table 6.2 below shows the values of the interference distance, 
intx  and the allowable safe distance, allx  for varying height, h  of the rectangular 
ventilation slots employed in this thesis. 
 
( ) .52.0 09.1hLhxall =  (6.4) 
  
.int allxLx −=  (6.5) 
 
Table 6.2. Interference and allowable safe distances for the rectangular slot-ventilated wall 
cavity. h , in metres, is the height of the rectangular ventilation slots. 
 
Interference Distance, intx  ( m ) Allowance Safe Distance, allx  ( m ) 
065.0=h  0.025 0.025 
140.0=h  0.026 0.024 
215.0=h  0.027 0.023 
 
The allowance safe distance, allx  from all rectangular slots shown in Table 6.2 above are 
very close, with allx | 140.0=h  and allx | 215.0=h  showing deviation of -0.001 (4%) and -0.002 
(8%) respectively around the yx −  measurement plane in the middle of the wall cavity. It 
is evident from Table 6.2 that the lines separating the interference region from the other 
region where there is no jet interference (allowable safe region) are coincident. In order to 
therefore have reliable measurement data describing the distributions of the velocities 
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outside the region of the jet interference, the measurement plane describing the non-
interference (allowable safe) region must be clear from the region of jet interference. As a 
result of this, measurements are taken on the yx −  plane in the wall cavity at a distance of 
24, 23 and 22mm from the front of the cavity where the ventilation slots are located for 
rectangular slots with an IAR of 0.3, 0.7 and 1.0 as opposed to the allowable safe distances 
of 25, 24 and 23mm predicted in Table 6.2. 
  
Further investigations on the validity of Equations (6.4) and (6.5) on the integrity of 
measurements taken within and outside the region of interference due to the impingement 
of the air jets on the opposite wall of the cavity are required. In order to achieve this, the 
distributions of the x-velocity in the wall cavity within and outside the region of the jet 
interference for rectangular ventilation slots with an IAR of 0.3 are employed for this 
analysis. The velocity profiles shown in Figures 6.8 and 6.9 below are such that the 
profiles described by z = 49.5mm and z = 30mm are within the region of the jet 
interference while the profile described by z = 20mm is outside the jet interference region. 
The velocity profiles from Figure 6.8 are obtained within the region where the influence of 
the air streams from the inlet slots is strongly felt (in the upper region of the cavity, defined 
by y = 867.5mm) while the profiles from Figure 6.9 are obtained far away from the 
influence of the inlet air streams (in core of the cavity, defined by y = 0mm).  
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Figure 6.8. Velocity distributions due to jet impingement on the opposite cavity wall 
in the upper region of the cavity using rectangular ventilation slots with an IAR of 0.3. 
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Figure 6.9. Velocity distributions due to jet impingement on the opposite cavity wall 
in the core of the cavity using rectangular ventilation slots with an IAR of 0.3. 
 
It is evident from Figures 6.8 and 6.9 that very close to the opposite wall of the cavity (the 
opposite wall of the cavity in this thesis is defined as the vertical wall in the x-y plane of 
the cavity separated by a distance of 50mm, the depth of the cavity, from the front wall of 
the cavity where the ventilation slots are located), the average velocity of the airflow 
described by the z = 49.5mm velocity profile is almost zero. The average value of the 
airflow velocity is this region may be due to two reasons: the presence of thin boundary 
layers in the vicinity of the cavity walls which substantially reduces the velocity of airflow 
in this region and the influence of the impingement of the air jet on the opposite cavity 
wall. Air jets issuing from the ventilation slots that find their way to the end of the 
enclosure may loose some of their momentum on impact with the opposite wall and thus a 
reduction in their average velocity. 
 
At other regions away from the opposite cavity wall described by the z = 30mm and the z 
= 20mm velocity profiles in Figures 6.8 and 6.9, there is an increase in the average velocity 
of the airflow in these regions. For these two cases, the z = 30mm velocity profile falls 
within the region of interference of the air jet while the z = 20mm velocity profile falls 
outside this region of interference. These two velocity profiles are 5mm away from the 
allowable safe distance separating the jet interference region from the non-interference 
region predicted in Table 6.2 for ventilation slots with a height, h of 0.065m 
(corresponding to rectangular slots with an IAR of 0.3). The z = 30mm and the z = 20mm 
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velocity profiles in Figures 6.8 and 6.9 are approximately the same and therefore show that 
the effect of the jet impingement on the distribution of velocity in the wall cavity becomes 
less significant at locations farther away from the opposite wall of the cavity.    
 
The interference and allowable safe distances for all circular ventilation openings 
employed in chapter five of this thesis are as shown in Table 6.3 while the relationship 
between the separation, vh  and the critical distance, cD  for the same set of openings is as 
shown in Table 6.4 below. The analysis for the effect of the impingement of the air jets on 
the opposite wall of the cavity on the characteristics of the airflow velocity carried out for 
the rectangular ventilation slots employed in this thesis above show that the jet 
impingement on the opposite cavity wall has a less significant effect on the distributions of 
the airflow velocity in the cavity at locations farther away from the opposite wall of the 
cavity. It is therefore reasonable to believe that the airflow measurements obtained on the 
x-y plane in the middle of the cavity (at z = 25mm) for all circular ventilation slots are 
reliable since this measurement plane is only 1mm (see Table 6.3) into the region of jet 
interference and farther away from the opposite cavity wall (defined by z = 50mm). 
 
The separation, vh  in Table 6.4 for each circular opening type is significantly less than the 
corresponding critical distance, cD . These results agree with those obtained in Table 6.1 
for the rectangular ventilation slots and thus, the air jets issuing from these circular 
openings may, as suggested by Farquharson [108], attach themselves to the ceiling of the 
wall cavity. 
  
Table 6.3. Interference and allowable safe distances for the circular slot-ventilated wall 
cavity. D , in metres, is the diameter of the circular ventilation openings. 
 
Interference Distance, intx  ( m ) Allowance Safe Distance, allx  ( m ) 
110.0=D  0.026 0.024 
125.0=D  0.026 0.024 
152.0=D  0.026 0.024 
 
Table 6.4. Prediction of fluid jet attachment to a bounding surface for circular openings. 
 Circular Ventilation Opening 
Diameter of Opening, D  (mm) 110  125  152 
Separation, vh  (mm) 155  162.5  176 
Critical Distance, cD  (mm) 585  665  808 
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6.3   Effects of Ventilation Opening Size on the Characteristics of the Cavity Flows 
6.3.1   Decay of Jet Centreline Velocity 
In order to assess the influence of the size of the ventilation openings on the characteristics 
of the velocity field for all rectangular slots employed in this thesis, the Inlet Aspect Ratio, 
IAR defined in Equation (6.1) is employed. The IAR values of 0.3, 0.7 and 1.0 for these 
rectangular slots correspond to nominal ventilation areas of 0.01, 0.03 and 0.05m2 for these 
slots. Using these IAR values, the decay of the centreline velocity for air jets issuing from 
these rectangular slots are shown in Figure 6.10. 
 
The decay rates of the curves shown in Figure 6.10 are the same irrespective of the 
reference wind speed, 
2hw  at the supply or inlet openings. It is evident from Figure 6.10 
that as the size of the rectangular slots increases (this is equivalent to increasing IAR), the 
decay rate of the air jets from the inlet slots decreases. The decay behaviour of the jet 
centreline velocity for each inlet slot type shown in Figure 6.10 is also supported by the 
gradient of the decay line that becomes steeper as the size of the inlet slots increases. The 
absence of the potential core, the region immediately downstream of the supply slots where 
there is incomplete mixing of the surrounding air with the air jets, can be seen from Figure 
6.10 to be a characteristic feature of all rectangular slots employed in this thesis. The 
absence of this region is attributed to the small depth, W  of the wall cavity. 
 
Immediately downstream of the supply slots is the characteristic decay region. Although 
the length of this region for rectangular ventilation slots with an IAR of 0.3 is small 
(between 5.0)( oAz  = 0 and 5.0)( oAz  = 0.08); the jet centreline velocity, cw  can be seen 
to gradually decrease in this region. However, this decay region is completely absent for 
ventilation slots with IAR values of 0.7 and 1.0. The small height of the rectangular slots 
with an IAR of 0.3 may constrain the flow of the air jets from this slot type to flow only in 
the x-y plane and therefore makes the air jets to be planar. The flow of the air jets from this 
slot type thus exhibits a two-dimensional (2D) jet characteristic [46, 66] in contrast to air 
jets from the other ventilation slot types (those with IAR of 0.7 and 1.0)  where the air jets 
are free to expand within these slots as a result of their heights (h = 140mm for IAR = 0.7 
slots and h = 215mm for IAR = 1.0 slots) being significantly larger than those of the 
ventilation slots with an IAR of 0.3 (this ventilation slots type has a height of 65mm). Air 
jets from the rectangular ventilation slots with IAR values of 0.7 and 1.0 therefore behave 
like round jets [46]. 
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Extending beyond the characteristic decay region is the existence of the axi-symmetric 
decay region for all rectangular ventilation slots employed in this thesis. Here, turbulent 
flow due to viscous shear at the edge of the shear layers becomes dominant. Thus, this 
region is usually referred to as the “fully developed flow region”. The terminal region 
comes after the axi-symmetric decay region and extend from around 5.0)( oAz  = 0.39 to 
about 5.0)( oAz  = 0.42 for the rectangular slots with an IAR of 0.3 while it is absent for the 
rectangular slots with IAR values of 0.7 and 1.0. The terminal region is characterized by 
rapid diffusion, so that the air jets become almost indistinguishable from the surrounding 
air. The existence of the terminal region for air jets from the rectangular ventilation slots 
with an IAR of 0.3 supports the two-dimensional behaviour of the air jets from this type of 
slots and is associated with high momentum jet flow from this type of the rectangular 
ventilation slots. 
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(c) 
Figure 6.10. Decay of jet centreline velocity for different Inlet Aspect Ratio: (a) 3.0=IAR  
(b) 7.0=IAR  (c) 0.1=IAR  
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6.3.2   Airflow Patterns and Velocity Characteristics 
The influence of the size of the rectangular ventilation slots on the characteristics of the 
velocity field in this thesis is assessed by employing moderately-spaced slots. For this 
study therefore; the horizontal spacing, HS  between the rectangular slots is kept constant 
at 1.59m for all numerical simulations undertaken in this section of chapter six of the thesis 
while the vertical spacing, VS  between the slots varies due to variation in the height of the 
rectangular slots. The rectangular ventilation slots employed for this study consist of two 
supply slots and two outflows. The pressure-driven velocity fields obtained in the wall 
cavity studied in this thesis under varying size of the moderately-spaced rectangular 
ventilation slots are shown in Figures 6.11 – 6.13 while the x-velocity distributions for the 
pressure-driven cavity flows are shown in Figures 6.14 and 6.15. 
  
The analysis and conversion of the meteorological wind speeds for the choice of the 
reference wind speeds, 
1hw  and 2hw and the wind pressure difference, wp∆  for the 
moderately-spaced rectangular ventilation slots employed for this study are similar to those 
carried out in section 4.3 of this thesis for the circular ventilation openings. The results of 
this analysis are as shown in Table 6.5 below. 
  
Table 6.5. Reference wind speeds (m/s) and pressure differences (Pa) for wall cavity 
ventilation using various size of moderately-spaced rectangular slots. The height, H  of the 
cavity is 2m. 
  IAR = 0.3  IAR = 0.7  IAR = 1.0 
*
mv   1hw  2hw  wp∆   1hw  2hw  wp∆   1hw  2hw  wp∆  
0.6  0.1 0.2 0.01  0.1 0.2 0.01  0.1 0.2 0.01 
1.2  0.3 0.5 0.07  0.3 0.5 0.07  0.3 0.5 0.07 
2.4  0.5 1.0 0.34  0.5 1.0 0.34  0.6 1.0 0.29 
4.8  1.0 2.0 1.36  1.1 2.0 1.26  1.1 1.9 1.09 
12.0  2.5 4.9 8.04  2.7 4.9 7.57  2.8 4.9 7.32 
24.0  5.1 9.8 31.69  5.4 9.8 30.27  5.7 9.7 27.88 
*: Values of mv  are obtained from the Manchester (Ringway) meteorological office using 
the CIBSE Guide J [96]. 
 
The velocity fields shown in Figure 6.11 for rectangular ventilation slots with an IAR of 
0.3 are characterised by two multi-cellular (recirculation) cells for all wind pressure 
difference, wp∆ . A characteristic feature of all these velocity fields shown in Figure 6.11 is 
the occurrence of a big recirculation cell to the right side of the cavity while the other small 
recirculation cell is located to the left side of the cavity. The location of the big 
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recirculation cell in the wall cavity is associated with the path taken by the high 
momentum air jets from the supply ventilation slots. The small recirculation cell in each of 
the cavity flows grow in size as the wind pressure difference, wp∆  driving the flow 
increases. It is evident from Figure 6.11 that areas close to the vertical walls of the cavity 
are ventilated by high-velocity airstream in contrast to other areas of the cavity ventilated 
by low-velocity air streams. 
 
For cavity flows driven by low wind pressure differences ( wp∆  = 0.01 – 1.36Pa) in Figure 
6.11, low-velocity airflow spots are obtained in certain areas of the wall cavity. However 
for cavity flows driven by higher wind pressure differences ( wp∆  = 8.04 and 31.69Pa), 
there is a significant increase in the average velocity of the airflow in the wall cavity. The 
transport of moisture-laden air out of the wall cavity studied in this thesis depends on the 
nature of the flow present in the cavity as it affects the velocity of airflow in the wall cavity 
(see section 5.2.2). For co-rotating recirculation cells, an increase in the average velocity of 
the cavity flow resulting from constructive interference (superposition) is obtained while 
for counter-rotating cells, a decrease in the average velocity of the flow due to destructive 
interference is obtained. 
 
An increase in the size of the rectangular ventilation slots from 0.01 to 0.03m2, 
corresponding to a change in the IAR from 0.3 to 0.7 for the pressure-driven cavity flows 
shown in Figure 6.12 reduces the size of the recirculation cells present in the cavity flows. 
The reduction in the size of the recirculation cells for this size of ventilation slots is due to 
a reduction in the momentum of the air jets issuing from this size of rectangular slots due 
to their behaviour as round jets. While lower average velocities of airflow are obtained at 
wind pressure differences of 0.01 – 1.26Pa (similar to the velocity fields in Figure 6.11(a) 
– (d)), there is however a greater increase in the average velocities of the cavity flows in 
Figure 6.12(e) and (f) under higher wind pressure differences ( wp∆  = 7.57 and 30.27Pa). 
The size of the recirculation cells for these wind pressure difference values in Figure 
6.12(e) and (f) is also larger than those present in Figure 6.12(a) – (d). High-velocity 
airstreams are also present near the vertical walls in contrast to other regions of the cavity 
in Figure 6.12. 
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A subsequent increase in the size of the rectangular ventilation slots from 0.03 to 0.05m2 
corresponding to an IAR of 1.0 results in unicellular patterns of flow for the pressure-
driven velocity fields shown in Figure 6.13(a) – (e) while the onset of multi-cellular flow is 
obtained for the cavity flow driven by the highest wind pressure difference ( wp∆  = 
27.88Pa) in Figure 6.13. The average velocities of airflow in Figure 6.13(a) – (c) are low 
while airflow velocities greater than 1m/s are obtained for the cavity flows in Figure 
6.13(d) – (f). A more direct approach for assessing the average velocities of the pressure-
driven cavity flows for all rectangular ventilation slots employed in this section of the 
thesis is obtained from the velocity distributions shown in Figures 6.14 and 6.15. Although 
the average velocities of the cavity flows increase when the wind pressure difference, wp∆  
driving the flows increases; the numerical results shown in Figures 6.14 and 6.15 are 
however characterised by irregular fluctuations. These irregular fluctuations are due to the 
unsteadiness associated with the flow of the wind. 
 
A symmetrical pattern of airflow is obtained in the pressure-driven velocity field shown in 
Figure 6.12(d) while it is absent in other velocity fields shown in Figures 6.11 – 6.13. This 
may be due to the employment of the steady-state computational approach adopted in this 
thesis (RANS-based methodology) where the values of scalar variables governing the 
cavity flows are averaged out. It is interesting to note that the symmetrical flow pattern 
occurs at a wind pressure difference, wp∆  of 1.26Pa for the rectangular ventilation slots 
with an IAR of 0.7 and appears to represent a threshold wind pressure difference for this 
size of rectangular slots (since no occurrence of symmetry in the pressure-driven cavity 
flows for this size of the rectangular slots is observed below or above this wind pressure 
difference), the use of a time-series computation (non-steady state analysis) where 
intermittent peaks representing low and high values of scalar variables governing the 
cavity flows can be obtained is recommended for future work on the numerical 
investigations of the slot-ventilated wall cavity studied in this thesis. The time-series 
computation will also reveal the nature of the cavity flows at wind pressure differences 
below or above a wp∆  of 1.26Pa for this size of rectangular slots.   
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(a) (b) 
  
(c) (d) 
  
(e) (f) 
Figure 6.11. Pressure-driven velocity fields (m/s) from moderately-spaced rectangular 
slots: 3.0=IAR , mSH 59.1= , mSv 74.1= . (a) Papw 01.0=∆  (b) Papw 07.0=∆   
(c) Papw 34.0=∆  (d) Papw 36.1=∆  (e) Papw 04.8=∆  (f) Papw 69.31=∆  
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(a) (b) 
  
(c) (d) 
  
(e) (f) 
Figure 6.12. Pressure-driven velocity fields (m/s) from moderately-spaced rectangular 
slots: 7.0=IAR , mSH 59.1= , mSv 66.1= . (a) Papw 01.0=∆  (b) Papw 07.0=∆   
(c) Papw 34.0=∆  (d) Papw 26.1=∆  (e) Papw 57.7=∆  (f) Papw 27.30=∆  
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(a) (b) 
  
(c) (d) 
  
(e) (f) 
Figure 6.13. Pressure-driven velocity fields (m/s) from moderately-spaced rectangular 
slots: 0.1=IAR , mSS vH 59.1== . (a) Papw 01.0=∆  (b) Papw 07.0=∆   
(c) Papw 29.0=∆  (d) Papw 09.1=∆  (e) Papw 32.7=∆  (f) Papw 88.27=∆  
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(c) 
Figure 6.14. Pressure-driven x-velocity distributions (m/s) from moderately-spaced 
rectangular slots of varying size: (a) Papw 01.0=∆  (b) Papw 07.0=∆  (c) *32.0 Papw =∆  
*: - wp∆  varies between 0.29 and 0.34Pa for varying size of slots at 2hw  = 1.0m/s 
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(c) 
Figure 6.15. Pressure-driven x-velocity distributions (m/s) from moderately-spaced 
rectangular slots of varying size: (a) *24.1 Papw =∆  (b) **64.7 Papw =∆   
(c) ***95.29 Papw =∆  
*: - wp∆  varies between 1.09 and 1.36Pa for varying diameter of openings at 2hw  ≈  2.0m/s 
**: - wp∆  varies between 7.32 and 8.04Pa for varying diameter of openings at 2hw  = 4.9m/s 
***: - wp∆  varies between 27.88 and 31.69Pa for varying diameter of openings at 2hw  ≈ 
9.8m/s 
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6.4   Effects of Spacing on the Characteristics of the Cavity Flows 
In the earlier investigations carried out in section 6.3.2 on the effects of the size of the 
rectangular ventilation slots on the characteristics of the velocity field for the slot-
ventilated wall cavity studied under the pressure-driven flow mode, the height of the wall 
cavity (H = 2m) ensures that the minimum ceiling-to-floor distance for rooms in most 
residential and non-residential buildings is maintained. For this study, the x-velocity 
distributions for all moderately-spaced rectangular ventilation slots present in Figures 6.14 
and 6.15 show that higher average velocities of airflow are obtained from the rectangular 
slots with an IAR of 0.7 in contrast to the other rectangular slots (except in Figure 6.15(a) 
for rectangular slot with an IAR of 0.7 where symmetry in the cavity flow was observed 
for the velocity field shown in Figure 6.12(d)). 
 
In this study, the size of the wall cavity enables an experimental test rig, known as an 
airflow test cell and having a size similar to that of the numerical wall cavity model, to be 
built for the laboratory measurements to be undertaken in this thesis. As a result of this, the 
numerical results for the pressure-driven cavity flows can be validated with the 
experimental (laboratory) measurements when completed. In the present study however, 
the height and the width of the wall cavity model are increased to 3m. This wall cavity 
model for the numerical study in section 6.4 of the thesis is consistent with maintaining the 
typical maximum distance between the floor and the ceiling in most buildings [49]. In this 
section therefore; the horizontal spacing, HS  between the rectangular slots is increased 
from 1.59m for the 2m by 2m model to 2.59m for the 3m by 3m model. This horizontal 
spacing is maintained throughout the simulations carried out in this section of the thesis 
while similar sizes of the rectangular slots employed in section 6.3.2 are used here. 
  
The velocity fields for the widely-spaced rectangular ventilation slots employed in the 
study carried out in this section of the thesis are shown in Figures 6.16 – 6.18 while the x-
velocity distributions for the same rectangular slots are shown in Figures 6.19 and 6.20. 
The reference wind speeds, 
1hw  and 2hw , and the wind pressure difference, wp∆  for the 3m 
by 3m wall cavity model investigated here are obtained in a similar manner to that of 
section 4.3 and shown in Table 6.6 below. 
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 Table 6.6. Reference wind speeds (m/s) and pressure differences (Pa) for wall cavity 
ventilation using various size of widely-spaced rectangular slots. The height, H  of the 
cavity is 3m. 
  IAR = 0.3  IAR = 0.7  IAR = 1.0 
*
mv   1hw  2hw  wp∆   1hw  2hw  wp∆   1hw  2hw  wp∆  
0.6  0.1 0.3 0.04  0.1 0.3 0.04  0.1 0.3 0.04 
1.2  0.3 0.5 0.07  0.3 0.5 0.07  0.3 0.5 0.07 
2.4  0.5 1.1 0.43  0.5 1.1 0.43  0.6 1.1 0.38 
4.8  1.0 2.2 1.74  1.1 2.2 1.64  1.1 2.2 1.64 
12.0  2.5 5.5 10.86  2.7 5.4 9.90  2.8 5.4 9.65 
24.0  5.1 10.9 42.00  5.4 10.9 40.57  5.7 10.9 39.06 
*: Values of mv  are obtained from the Manchester (Ringway) meteorological office using 
the CIBSE Guide J [96]. 
 
 
In Figure 6.16, multi-cellular patterns of airflow are obtained from all wind pressure 
differences employed in the computation of the cavity flows. These patterns of airflow are 
similar to those obtained in Figure 6.11 where the same size of the rectangular ventilation 
slots (IAR = 0.3) is employed. While the cavity flows present in Figure 6.11 are 
characterised by two dissimilar (one big and one small) recirculation cells, increased 
number of smaller recirculation cells are obtained in Figure 6.16. The average velocities of 
the cavity flows in Figure 6.16 are also lower than those present in Figure 6.11. The 
reduction in the average velocities of the cavity flows obtained in Figure 6.16 is due to the 
increased horizontal spacing, HS  between the inlet ventilation slots in contrast to that 
employed in Figure 6.11.  
 
The increased horizontal spacing, HS  causes less interaction between the airstreams 
issuing from the supply (inlet) slots and thereby reducing the momentum of the air jets 
issuing from these slots. The turbulence (agitation) in the flows is reduced while also 
suppressing the formation of secondary motions that provide further mixing of the cavity 
fluid. The reduced turbulence in the flows therefore offers less significant effect in the 
reduction of the thickness of the boundary layers in the vicinity of the cavity walls. The 
thickness of the boundary layers may therefore be sufficient to damp the fluctuations in the 
flows, with the result that the average velocities of the cavity flows are reduced. 
  
An increase in the size of the rectangular slots from 0.01m2 (IAR of 0.3) to 0.03m2 (IAR of 
0.7) in Figure 6.17 produces patterns of airflow similar to those present in Figure 6.11 
though the recirculation cells are further reduced in size. In Figure 6.17 however, higher 
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average velocities of flows are obtained. A further increase in the size of the rectangular 
ventilation slots from 0.03 to 0.05m2, corresponding to an increase in the IAR of the slots 
from 0.7 to 1.0 results in unicellular patterns of airflow at reference (inlet) wind speeds of 
0.3 and 0.5m/s. In Figures 6.18(c) – (f) however; multi-cellular flow patterns, with similar 
size of recirculation cells to those present in Figures 6.17(c) – (f) are obtained. Further 
information on the distributions of the velocity in the cavity flows can be obtained from 
Figures 6.19 and 6.20.  
 
There is an increase in the average velocities of the cavity flows as the wind pressure 
difference, wp∆  driving the airflow increases. It is again evident from Figures 6.19 and 
6.20 that higher average velocities are obtained from the pressure-driven cavity flows 
employing rectangular ventilation slots with an IAR of 0.7 in contrast to other rectangular 
slots (those with IAR of 0.3 and 1.0) employed in the ventilation of the wall cavity. The 
results of the numerical investigations carried out in sections 6.3.2 and 6.4 therefore show 
that higher velocities are obtained from the moderately-spaced rectangular slots in contrast 
to the widely-spaced slots under the pressure-driven flow mode. 
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(a) (b) 
  
(c) (d) 
  
(e) (f) 
Figure 6.16. Pressure-driven velocity fields (m/s) from widely-spaced rectangular slots: 
3.0=IAR , mSH 59.2= , mSv 74.2= . (a) Papw 04.0=∆  (b) Papw 07.0=∆   
(c) Papw 43.0=∆  (d) Papw 74.1=∆  (e) Papw 86.10=∆  (f) Papw 0.42=∆  
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(a) (b) 
  
(c) (d) 
  
(e) (f) 
Figure 6.17. Pressure-driven velocity fields (m/s) from widely-spaced rectangular slots: 
7.0=IAR , mSH 59.2= , mSv 66.2= . (a) Papw 04.0=∆  (b) Papw 07.0=∆   
(c) Papw 43.0=∆  (d) Papw 64.1=∆  (e) Papw 90.9=∆  (f) Papw 57.40=∆  
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(a) (b) 
  
(c) (d) 
  
(e) (f) 
Figure 6.18. Pressure-driven velocity fields (m/s) from widely-spaced rectangular slots: 
0.1=IAR , mSS vH 59.2== . (a) Papw 04.0=∆  (b) Papw 07.0=∆   
(c) Papw 38.0=∆  (d) Papw 64.1=∆  (e) Papw 65.9=∆  (f) Papw 06.39=∆  
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(c) 
Figure 6.19. Pressure-driven x-velocity distributions (m/s) from widely-spaced rectangular 
slots of varying size: (a) Papw 04.0=∆  (b) Papw 07.0=∆  (c) *41.0 Papw =∆  
*: - wp∆  varies between 0.38 and 0.43Pa for varying size of slots at 2hw  = 1.1m/s 
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(c) 
Figure 6.20. Pressure-driven x-velocity distributions (m/s) from widely-spaced rectangular 
slots of varying size: (a) *67.1 Papw =∆  (b) **14.10 Papw =∆  (c) ***54.40 Papw =∆  
*: - wp∆  varies between 1.64 and 1.74Pa for varying diameter of openings at 2hw  =  2.2m/s 
**: - wp∆  varies between 9.65 and 10.86Pa for varying diameter of openings at 2hw  ≈ 
5.4m/s 
***: - wp∆  varies between 39.06 and 42.0Pa for varying diameter of openings at 2hw  = 
10.9m/s  
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6.5   Effects of the Number of Ventilation Slots on the Characteristics of the Cavity 
Flows 
For fluid jets issuing from more than one aperture or opening in the same plane, a certain 
distance is reached in the direction of the flow at which the jets from all the openings 
merge together to form a single jet. Jets of fluid from openings or apertures merging 
together to flow as a single jet are termed as confluent jets [46]. It is of interest to the 
author in this thesis to investigate the effects of increasing the number of the supply (inlet) 
ventilation slots on the characteristics of the flows in the wall cavity studied. The spacing 
of the rectangular ventilation slots and the circular ventilation openings employed in this 
thesis can be characterised by a spacing ratio, SR relating the horizontal spacing between 
the slots or the openings to their nominal ventilation areas and defined in Equation (6.6). 
  
.oH AS  (6.6) 
 
The pressure-driven velocity fields for the closely-spaced rectangular ventilation slots 
employed in this thesis are shown in Figures 6.21 – 6.23 while the x-velocity distributions 
across the wall cavity employing the closely-spaced rectangular slots are shown in Figures 
6.24 and 6.25. In Figure 6.21, the multi-cellular cells present in the cavity flow driven by a 
wind pressure difference, wp∆  of 0.01Pa are very small. Although a low average velocity 
is obtained for the cavity flow shown in Figure 6.21(a), higher average velocity of airflow 
is however obtained near the vertical side walls is contrast to the core of the cavity. By 
increasing the wind pressure difference, wp∆  driving the cavity flow to 0.07Pa in Figure 
6.21(b), a higher average velocity of airflow is obtained. Under this condition, there is a 
reduction in the number of the multi-cellular cells present in Figure 6.21(a) while these 
cells are driven down to the lower part of the cavity. An increase in the wind pressure 
difference, wp∆  driving the cavity flow from 0.07 to 31.69Pa causes the two recirculation 
cells present in Figure 6.21(b) to grow in size, with these cells occupying the entire wall 
cavity at higher wind pressure differences ( wp∆  = 8.04 and 31.69Pa). 
  
An increase in the size of the rectangular ventilation slots to 0.03m2, corresponding to an 
IAR of 0.7, however produces unicellular patterns of airflow for lower wind pressure 
differences ( wp∆  = 0.01 to 1.26Pa) in Figures 6.22(a) – (d) while at higher wind pressure 
differences ( wp∆  = 7.57 and 30.27Pa) in Figures 6.22(e) and (f), multi-cellular flow 
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patterns are obtained. A further increase in the size of the rectangular ventilation slots from 
0.03 to 0.05m2 and corresponding to an IAR of 1.0 produces unicellular patterns of airflow 
for all reference (inlet) wind speeds in Figure 6.23. The behaviour of the jets issuing from 
the rectangular ventilation slots with an IAR of 0.7 and 1.0 as round jets, especially when 
driven by low wind pressure differences, is also evident in Figures 6.22 and 6.23. In 
comparison, the average velocities of airflow obtained from the closely-spaced rectangular 
ventilation slots in Figures 6.21 – 6.23 are slightly lower than the average velocities of 
airflow from the moderately-spaced rectangular ventilation slots shown in Figures 6.11 – 
6.13. The slight reduction in the average velocities of airflow from the closely-spaced 
rectangular ventilation slots employed in this thesis is also evident in the pressure-driven x-
velocity distributions shown in Figures 6.24 and 6.25 below. 
 
Although greater interaction, resulting in higher velocities of airflow, is expected from the 
closely-spaced rectangular ventilation slots employed in this thesis as a result of the 
secondary oscillations observed from the inlet velocity profiles shown in Figure 6.26(a); 
however, there appears to be a threshold range at which an increase or a decrease in the 
horizontal spacing, HS  between the rectangular ventilation slots will result in a reduction 
of the average velocities of airflow for the pressure-driven cavity flows. This threshold 
horizontal spacing, as demonstrated by the numerical results from the moderately-spaced 
rectangular ventilation slots in Figures 6.11 – 6.15, is about HS  = 1.5 m to HS  = 1.6m. 
 
The numerical results for the circular ventilation openings presented in chapter five of this 
thesis at a reference wind speed, 
2hw  of 1m/s give an average airflow velocity of 0.9m/s at 
the inlets to the wall cavity for all flow modes and size of the circular openings while an 
average airflow velocity of 0.85m/s is obtained for all rectangular inlet slots under a 
similar reference wind speed in chapter six of this thesis. Further investigations on the 
estimate of the inlet flow velocities carried out in this thesis show that about 90% of the 
reference wind speed, 
2hw  at the inlet boundaries reaches the wall cavity when the circular 
ventilation openings are employed in contrast to about 85% of the reference wind speed, 
2hw  reaching the wall cavity when the rectangular slots are employed. These results 
therefore show the effect of the geometry of the inlet or supply slots on the characteristics 
of the flow in the thin slot-ventilated wall cavity studied in this thesis. 
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(a) (b) 
  
(c) (d) 
  
(e) (f) 
Figure 6.21. Pressure-driven velocity fields (m/s) from closely-spaced rectangular slots: 
3.0=IAR , mSH 79.0= , mSv 74.1= . (a) Papw 01.0=∆  (b) Papw 07.0=∆   
(c) Papw 34.0=∆  (d) Papw 36.1=∆  (e) Papw 04.8=∆  (f) Papw 69.31=∆  
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(a) (b) 
  
(c) (d) 
  
(e) (f) 
Figure 6.22. Pressure-driven velocity fields (m/s) from closely-spaced rectangular slots: 
7.0=IAR , mSH 79.0= , mSv 66.1= . (a) Papw 01.0=∆  (b) Papw 07.0=∆   
(c) Papw 34.0=∆  (d) Papw 26.1=∆  (e) Papw 57.7=∆  (f) Papw 27.30=∆  
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(a) (b) 
  
(c) (d) 
  
(e) (f) 
Figure 6.23. Pressure-driven velocity fields (m/s) from closely-spaced rectangular slots: 
0.1=IAR , mSH 79.0= , mSv 59.1= . (a) Papw 01.0=∆  (b) Papw 07.0=∆   
(c) Papw 29.0=∆  (d) Papw 09.1=∆  (e) Papw 32.7=∆  (f) Papw 88.27=∆  
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(c) 
Figure 6.24. Pressure-driven x-velocity distributions (m/s) from closely-spaced rectangular 
slots of varying size: (a) Papw 01.0=∆  (b) Papw 07.0=∆  (c) *32.0 Papw =∆  
*: - wp∆  varies between 0.29 and 0.34Pa for varying size of slots at 2hw  = 1.0m/s 
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(c) 
Figure 6.25. Pressure-driven x-velocity distributions (m/s) from closely-spaced rectangular 
slots of varying size: (a) *24.1 Papw =∆  (b) **64.7 Papw =∆  (c) ***95.29 Papw =∆  
*: - wp∆  varies between 1.09 and 1.36Pa for varying diameter of openings at 2hw  ≈  2.0m/s 
**: - wp∆  varies between 7.32 and 8.04Pa for varying diameter of openings at 2hw  = 4.9m/s 
***: - wp∆  varies between 27.88 and 31.69Pa for varying diameter of openings at 2hw  ≈ 
9.8m/s 
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(b) 
Figure 6.26. Inlet velocity profile (
2hw  = 0.5m/s) from the IAR = 0.3 rectangular 
ventilation slots under different spacing ratio: (a) SR = 6.68 (b) SR = 13.45 
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6.6   Ventilation Rates in Enclosures 
Measurement of the ventilation rate in high aspect ratio cavities, such as the wall and 
subfloor cavities, under different flow conditions is an issue. The issue arises out of the 
need to carry out the measurement at the appropriate location. In order to achieve this, two 
methods are available: the steady-state and the non-steady steady measurement methods. 
The steady-state measurement of ventilation rates provides a snapshot or medium-to-long 
term information since average quantities are obtained; however, intermittent peak values 
of measurement which are not available using this method may sometimes be a concern. 
Nevertheless, this measurement technique saves time and money, with no special skilled 
personnel required in its operation. Whatever the technique of ventilation rate 
measurement adopted in any particular application, a good consideration for the choice of 
the measurement technique is the objective that is to be achieved. Whilst carrying out in-
situ measurement is considered reliable, limitations on the capital outlay and the length of 
time required for accumulating useful data make the in-situ measurement of ventilation 
rate a less attractive option. As a result of the huge capital outlay, the number of skilled 
personnel and the length of time required for carrying out in-situ measurements, 
consideration is therefore given to the use of a predictive method in the determination of 
the ventilation rates of a high aspect ratio enclosure in this thesis. 
  
Whilst preference is given to measuring the ventilation rates inside a cavity or enclosure 
where the effect of any disturbance to the mean flow is quite negligible [46], an alternative 
option is to carry out the measurement at a location very close to a ventilation opening 
where there is negligible disturbance and where the characteristics of the mean flow 
(pressure, temperature, velocity) can be determined. An important factor in the choice of 
an appropriate location for carrying out the airflow measurements is the quantity to be 
measured. Although some measurement quantities (for example, temperature) do not vary 
significantly in or outside an enclosure, small perturbation to the mean flow may however 
have a significant effect on other quantities (for example, pressure). For wind-driven 
ventilation, two major problems are associated with the measurement of the ventilation 
rates. The first problem involves the measurement of the distributions of the coefficient of 
pressure, pc  on a building façade, which in turn depends on the direction of the wind. The 
second problem is associated with the determination of the steady flow characteristics and 
position of the ventilation openings or slots [46, 66]. 
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With very little information available on the prediction of the airflow rates in slot-
ventilated wall cavities, the BS 5925 model [112] provides an estimate of the ventilation 
rates in the high aspect ratio enclosures studied in this thesis under three conditions: (a) 
due to the wind (Equation (6.7)), (b) due to temperature difference with two openings 
(Equation (6.8)), and (c) due to temperature difference with one opening (Equation (6.9)). 
Since multiple ventilation openings are employed in this thesis, the prediction of the 
ventilation rates in the wall cavity studied using Equation (6.9) will not be discussed 
further. In Equation (6.7), oA  and 2hw  are the flow area (m2) and the reference wind speed 
(mh-1) at the position of the upper ventilation openings. The BS 5925 model adopted in this 
study is an empirical relation for the prediction of the ventilation rates in a large enclosure 
and not specifically intended for a high aspect ratio enclosure, such as the wall cavity, 
studied in this thesis. 
  
2
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The use of Equation (6.7) is based on the assumption of pseudo-steady flow and valid for 
unsheltered enclosures, where ssQ  is the volumetric flow rate (m3h-1) of air into an 
enclosure. It therefore follows from Equation (6.7) above that the ventilation rate depends 
on both the flow area, oA  and the wind speed, 2hw  at the reference height. An important 
consideration in the remediation of moisture in the slot-ventilated wall cavity studied in 
this thesis is the air renewal or change rate, acrn . The air change rate, acrn  defined in 
Equation (6.10) below, expresses the number of times a given enclosure can be replenished 
with a fresh supply of air. In Equation (6.10), acrn  represents the air changes per hour 
while V  is the volume of the enclosure in cubic metre. ssQ  is as defined in Equation (6.7) 
above. No information is also given in the use of the model in Equation (6.7) to account for 
the flow characteristics of the inlet ventilation openings. Another concern in the use of the 
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BS 5925 model in estimating the ventilation (air change) rates of an enclosure is the non-
availability of a precise definition for “simple buildings” [49]. 
 
VQn ssacr = . (6.10) 
 
There is also a need to understand the effectiveness of the BS 5925 model in Equation 
(6.7) for predicting the ventilation rates in extremely large enclosures, such as industrial 
and commercial buildings or a thin slot-ventilated wall cavity studied in this thesis where 
multiple ventilation openings are employed. The size and geometry of the inlet slots 
employed in the thin slot-ventilated wall cavity studied in this thesis contribute to the entry 
loss associated with the flow of air into the cavity while at higher reference (inlet) wind 
speeds, the possibility of back flow exists. A detailed estimate of the ventilation rates in the 
wall cavity for all reference (inlet) wind speeds investigated in this thesis based on the BS 
5925 model in Equation (6.7) and the geometry of the inlet or supply slots as they affect 
the characteristics of the cavity flows (see last paragraph of section 6.5) can be obtained 
from Equation (6.11) for the circular openings and Equation (6.12) for the rectangular 
slots. sscQ  and ssrQ   in Equations (6.11) and (6.12) are ideal estimates of the steady-state 
ventilation rates for the circular and the rectangular slot-ventilated wall cavity. 
 
2
023.0 heffssc wAQ = . (6.11) 
 
2
021.0 heffssr wAQ = . (6.12) 
 
The effective ventilation opening area, effA  in Equations (6.11) and (6.12) above is a 
function of the number and arrangement of the purpose-provided ventilation openings. 
Ventilation openings may be arranged either in series or in parallel on a surface over which 
the same pressure difference is applied. The use of Equations (6.11) and (6.12) with 
therefore takes into account the effects of the inlet ventilation openings arranged in series 
on a building façade in the estimate of the ventilation rates in the single-sided ventilated 
wall cavity studied in this thesis in contrast to a single large opening from which the 
formulation of the empirical model in Equation (6.7) is based. The effective ventilation 
opening area, effA  for the series-arranged single-sided ventilation slots employed in this 
thesis is given by Equation (6.13) since the nominal size of ventilation openings belonging 
to the same category is the same. An increase in the number, iN  of the inlet ventilation 
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openings in this single-sided arrangement reduces the air change rates of the ventilated 
enclosure. 
 
.1 ioeff NAA =  (6.13) 
 
Equations (6.11) and (6.12) above estimate the ventilation rates of the thin slot-ventilated 
wall cavity studied in this thesis based on the assumption of perfect mixing. For non-
perfect mixing, there will be variations in the local ventilation rates of the wall cavity as 
the local velocity of airflow varies within the cavity. An ideal estimate of the air change 
rates (assuming perfect mixing) for the wall cavity employing the circular and rectangular 
ventilation openings investigated in this thesis based on Equations (6.10) – (6.13) is 
expressed in Equations (6.14) and (6.15) respectively. 
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From Equation (6.15) above, predicted mean air changes of about 8, 16 and 25ach are 
obtained at a mean wind speed of 2m/s for the three rectangular ventilation slot type 
employed in this thesis ( iN  for these predictions is 2 and corresponds to the moderately-
spaced ventilation openings). Though these air changes are significantly higher than a 
ventilation rate of 2.23ach obtained at a mean wind speed of 2m/s in the measurement of 
the ventilation rates in a wall cavity by Edward [113], a predicted air change rate of 
1.68ach obtained using Equation (6.15) above by replacing the 9 open perp-end joints 
(having a combined open area of approximately 3100mm2) with two inlet rectangular slots 
from each category of the rectangular ventilation slots employed in this thesis is 
comparable to the measured air change rate of 2.23ach in Edwards [113]. 
  
Although a similar depth of wall cavity (W = 0.05m) is studied in this thesis and the 
experimental measurements of Edwards [113], discrepancies between a measured 
ventilation rate of 2.23ach and the predicted air change rates of 8, 16 and 25ach obtained 
above may be due to two reasons. The volume of the enclosure (wall cavity) employed in 
the investigations of Edwards [113] is approximately 1.1m3 (resulting from a cavity with a 
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height and width of 2.7m and 8.16m respectively) while 0.2m3 volume of enclosure is 
employed in the present numerical analysis. The ventilation rate of an enclosure is highly 
dependent on the volume of the enclosure (see Equation (6.10)). A high significant 
difference between the volume of the wall cavity available from the experimental study of 
Edwards [113] and the volume of the wall cavity model studied in this thesis (using an 
enclosure with a height and width of 2m each) may therefore be responsible for the air 
change rates of 8, 16 and 25ach predicted in this numerical study. 
  
The nature of the inlet ventilation slots also affects the ventilation rates of an enclosure. 
The open perp-end joints (mortar joints) having a combined open area of approximately 
3100mm2 studied by Edwards [113] can be approximated to a crack, where airflow through 
the crack is essentially a laminar flow [46]. The flow rate through such an opening is given 
by the Couette flow equation (Equation (6.16)). In Equation (6.16); b is the length of the 
crack (m), h is the height of the crack (m), L is the depth of the crack in the direction of 
flow (m), µ  is the absolute viscosity of air (kgm-1s-1) and p∆  is the pressure difference 
across the opening (Pa). However for large ventilation openings of typical dimensions 
larger than 10mm (such as those studied in this thesis), the BS 5925 model [112] 
recommends using Equation (6.17) below for estimating the flow rate through such 
openings. Equation (6.17) below; where Cd is the discharge coefficient of the opening, A is 
the flow area (m2) and oρ  is the air density at a reference temperature, oT  and pressure, op  
(kgm-3), is therefore for an opening of relatively large free area, where the flow through the 
opening is approximately turbulent under normal pressures [66]. 
    
( ) pLbhQ ∆= µ123 . (6.16) 
 
od pACQ ρ∆= 2 . (6.17) 
 
Detailed information on the reliability of BS 5925 in providing an estimate of the 
ventilation rates in a high aspect ratio cavity can be obtained from Table 6.7 and Figure 
6.27, where a comparison is made between the measured ventilation rates from Edwards 
[113] and the predicted ventilation rates from BS 5925 [112] for a 0.05m cavity depth over 
mean wind speeds of 0.25 to 6.5m/s. Two measured ventilation rates are obtained at a 
mean wind speed of 1.5m/s in Table 6.7. This occurrence is attributed to the low sensitivity 
at lower wind speeds of the cup anemometer employed in the measurement of the 
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reference wind speeds for determining the ventilation rates in the wall cavity studied by 
Edwards [113]. At higher wind speeds, the measured and the predicted ventilation rates 
agree closely while at wind speeds below 5.75m/s, the BS 5925 underestimates the 
ventilation rates (Figure 6.27). 
 
Table 6.7. Ventilation rates in slot-ventilated wall cavities – a comparison between 
measured and predicted values. 
Mean Wind 
Speed 
Mean Ventilation Rate 
(ach) 
Predicted Ventilation Rate 
(ach) Deviation 
(m/s) from Edwards [113] from BS 5925 [112] (%) 
0.25 - 0.06 - 
0.50 - 0.13 - 
0.75 - 0.19 - 
1.00 - 0.25 - 
1.25 - 0.32 - 
1.50 1.83 0.38 79.24 
1.50 2.18 0.38 82.57 
1.75 2.16 0.44 79.48 
2.00 2.23 0.51 77.29 
2.50 - 0.63 - 
2.75 2.77 0.70 74.86 
3.00 - 0.76 - 
3.25 3.57 0.82 76.94 
3.75 4.18 0.95 77.28 
4.25 - 1.08 - 
4.75 - 1.20 - 
5.25 - 1.33 - 
5.75 1.58 1.46 7.83 
6.25 2.03 1.58 22.02 
6.50 1.84 1.65 10.53 
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Figure 6.27. Comparison of measured and predicted ventilation rates in a high aspect ratio 
cavity 
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The large deviations between the measured and the predicted ventilation rates in Figure 
6.27 are due to so many factors. The ventilation rates measured by Edwards [113] are 
under the combined influence of the pressure and the buoyancy forces (the inner cavity 
temperature varies between 18 and 21oC while the ambient air temperature varies between 
8 and 12oC). In the experimental measurements therefore, the pressure and buoyancy 
forces are not separated. Thus, the comparison made between the predicted and the 
measured ventilation rates in Table 6.7 is that between the pressure forces embodied in the 
BS 5925 model (Equation (6.7)) and the combined pressure and buoyancy forces from the 
experimental measurements. 
  
The nature of the terrains (micro-climates) on which buildings are located and the height of 
the ventilation openings also affect the value of the average wind speed in such locations 
and consequently the ventilation rates. Whilst an urban terrain is employed for these two 
studies (the numerical study in this thesis and the experimental measurements from 
Edwards [113]), the perp-end joints (mortar joints) used in the study of Edwards [113] are 
located at about 2.06m on the wall cavity. For the numerical predictions however, the inlet 
ventilation slots are located at about 1.79 – 1.88m from the bottom of the wall cavity in a 
single-sided ventilation approach. The variation in the measurement height for these two 
cases (the experimental and the numerical studies) does significantly affect the average 
wind speed at the inlet into the wall cavity (see Equation (4.3)). The direction of the wind 
also affects the value of the average wind speeds on the sites of buildings. 
 
Another factor responsible for the large discrepancies obtained between the measured and 
the predicted air change rates in Figure 6.27 is the sheltering effect due to the surrounding 
buildings on the ventilation rates. In the experimental investigations of Edwards [113], 
extensive block of buildings having similar height as that of the wall cavity are present. 
The sheltering effect provided by these structures (buildings) thus affects the average wind 
speeds and consequently the ventilation rates obtained in the experimental measurements 
of Edwards [113]. However for the numerical predictions, unsheltered building conditions 
are assumed. The average wind speeds employed in the measurements of the ventilation 
rates in an enclosure highly depend on the sensitivity of the measuring instrument for the 
wind speed. A cup anemometer, having low sensitivity at low wind speeds, is employed in 
the experimental study of Edwards [113]. Using this measuring instrument, reliable 
reference wind data at low wind speeds are not therefore available. Thus, a high 
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uncertainty is associated with the measurements of the reference wind speeds employed in 
the ventilation rates of Edwards [113]. As a result of this, large variations exist between the 
predicted and the measured ventilation rates in Figure 6.27 at lower reference wind speeds. 
In order to reduce the degree of uncertainty associated with the measurements of wind 
speeds on the sites of buildings, high-sensitivity ultrasonic anemometers are recommended 
[70]. 
   
A linear prediction line is obtained in Figure 6.27. This is as a result of the linearity of the 
BS 5925 model in Equation (6.7) where direct relationships exist between the ventilation 
rate, the ventilation opening area and the reference wind speed. In this model, the reference 
wind speed, 
2hw  assumes a steady (constant) value and does not take into account the 
unsteadiness associated with the flow of the wind. Thus, the fluctuation (unsteadiness) 
observed in the measured ventilation rates of Edwards [113] cannot be accounted for by 
the BS 5925 model (Equation (6.7)) in the numerical predictions of the ventilation rates in 
the wall cavity studied in this thesis. The BS 5925 model employed in these numerical 
predictions therefore under-estimates the ventilation rates in the slot-ventilated wall cavity 
studied. 
 
The discussion so far undertaken on the predictions of the ventilation rates in a slot-
ventilated wall cavity has been that due to the effect of pressure forces on the air change 
rates as presented by a version of the BS 5925 model in Equation (6.7). In another version; 
the effect of the temperature difference, T∆  between the ambient air and the airflow in the 
wall cavity when the ventilation openings are separated by a vertical distance, vS  is 
presented by Equation (6.8) above. In this equation, ∈  ( 21 oo AA= ) is the ratio of the areas 
of the upper and lower ventilation openings while the effective area, effA  is the sum of the 
areas ( 21 oo AA + ) of the upper and lower ventilation openings since the upper and lower 
ventilation openings are arranged parallel to each other for the purpose of Equation (6.8). 
1oA  and 2oA  can be expressed in a similar manner to that of Equation (6.13) above for 
multiple openings in series. Since the size of the openings for each category of the 
rectangular ventilation slots employed in this thesis are equal, ∈  has a value of 1 in 
Equation (6.8). The effective ventilation area, effA  is therefore defined as shown in 
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Equation (6.18). oN  in Equation (6.18) is the number of the lower ventilation openings 
(outflows). 
 
ooioooeff NANAAAA 1121 +=+= . (6.18) 
   
Using Equations (6.8) and (6.10) above, the predicted ventilation rates for all moderately- 
and widely-spaced rectangular ventilation slots employing the front ( fT ) wall temperatures 
for the cavity studied in this thesis are shown in Table 6.8 while the predicted ventilation 
rates for the closely-spaced rectangular ventilation slots employing similar front wall 
temperatures employed in Table 6.8 are shown in Table 6.9 below. The mean temperature, 
T  in Equation (6.8) is as defined in Equation (4.5) while a constant back wall temperature, 
bT  of 283.15K is employed in Tables 6.8 and 6.9. For ventilation openings with sharp 
edges; the coefficient of discharge, dC  (Equation (6.8)) is almost independent of the 
Reynolds number and has a value of 0.61 [46, 66, 112]. 
 
Table 6.8. Predicted ventilation rates (ach) for temperature-dependent cavity flows using 
moderately- and widely-spaced rectangular ventilation slots. 
 Ventilation Rates (ach) 
 
Moderate Spacing  Wide Spacing 
 
IAR = 0.3 IAR = 0.7 IAR = 1.0  IAR = 0.3 IAR = 0.7 IAR = 1.0 
KT f 15.253=  150 315 474  125 266 403 
        
KT f 15.274=  81 169 255  67 143 217 
 
       
KT f 15.293=  84 176 264  70 148 225 
 
Table 6.9. Predicted ventilation rates (ach) for temperature-dependent cavity flows using 
closely-spaced rectangular ventilation slots. 
 Ventilation Rates (ach) 
 
Close Spacing 
 
IAR = 0.3 IAR = 0.7 IAR = 1.0 
KT f 15.253=  122 258 387 
    
KT f 15.274=  66 138 208 
 
   
KT f 15.293=  68 143 216 
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High predicted ventilation rates, shown in Tables 6.8 and 6.9, are obtained from the 
temperature-dependent cavity flows using the rectangular ventilation slots employed in this 
thesis. The geometry of the rectangular slots employed in this thesis and the nature of the 
BS 5925 model in Equation (6.8) above show that the predicted ventilation rates are highly 
dependent on the temperature difference, T∆  existing between the ambient air and the 
cavity airflow, where higher ventilation rates are predicted for all rectangular slots at a T∆  
of 30K in contrast to the ventilation rates for all rectangular slots at a T∆  of 9K and 10K 
in Tables 6.8 and 6.9. 
 
The volume of air required for ventilating an enclosure depends on the size and use of the 
enclosure although in many instances, local regulations affect the ventilation requirements. 
Local regulations affect the ways ventilation devices are designed and applied. An example 
can be seen in the size of wall cavities, otherwise called air cavities, employed in retrofit 
and new constructions in Canada and other North American regions. Whilst local building 
regulations in British Columbia requires an air cavity with a minimum depth of 10mm, the 
Vancouver Bylaw requires a minimum depth of 19mm for the wall cavities [114]. These 
requirements are in contrast to a minimum depth of 50mm required for wall cavities in the 
United Kingdom [93]. The different specifications above may be due to varying climatic 
requirements from one country to the other, even within the same country; there can still be 
variations [114]. 
 
The air change rate takes into account factors such as the volume of the enclosure, the size 
of the flow area (ventilation openings), the position and flow characteristics of the 
openings, the number and the degree of occupancy (whether continuous or transient). The 
last two factors mentioned above are particularly important for room ventilation while the 
other factors are applicable to non-habitable enclosures, of which the wall cavities studied 
in this thesis are typical examples. It is worthwhile to note that the air change rate does not 
translate to a complete replacement of the air in an enclosure. The percentage of the air in 
an enclosure which can be replenished over a period of time depends on the method of 
ventilation and the airflow efficiency of the enclosure. From Equation (6.10), it can 
therefore be seen that higher air changes per hour are obtained from a smaller enclosure 
than in a larger enclosure for a fixed volumetric quantity of air. It therefore implies that an 
increase in the air change rate of an enclosure is capable of reducing the relative humidity 
of air in the enclosure and thereby results in decreasing condensation risk of the enclosure, 
 179 
although a threshold exists at which a further increase in the air change rate of an enclosure 
increases the relative humidity of the enclosure and hence, an increase in the condensation 
risk of the enclosure [49]. 
 
6.7   Summary 
Velocity characteristics of slot-ventilated wall cavity models representing the minimum 
and maximum floor to ceiling distance of rooms in buildings were numerically studied 
using rectangular ventilation slots of varying size under different reference wind (inlet) 
speeds. The numerical investigations therefore employed wall cavity models with high 
aspect ratio ( == WLWH  40 or 60) under the pressure-driven, buoyancy-driven and the 
combined pressure- and buoyancy-driven flow modes in the understanding of the effect of 
the size of the ventilation slots, spacing between the slots and the number of the ventilation 
slots on the characteristics of the cavity flows in the slot-ventilated wall cavities studied. 
  
The results of the numerical investigations presented in this chapter of the thesis show that 
higher average velocities of cavity flows are obtained in the slot-ventilated wall cavity 
employing moderately-spaced rectangular ventilation slots while the average velocities of 
cavity flows for wall cavities employing the widely- and the closely-spaced rectangular 
ventilation slots are less than those of the moderately-spaced rectangular slots in the 
ventilation of the wall cavity. High predicted air change (ventilation) rates are obtained 
from the wall cavity models studied in this chapter, with the predicted ventilation rates 
from the temperature-dependent cavity flows depending greatly on the temperature 
difference, T∆  between the ambient air and the airflow in the wall cavity. 
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CHAPTER SEVEN 
EXPERIMENTAL METHODOLOGY, RESULTS AND DISCUSSION 
A full description of the experimental apparatus employed in the airflow measurements 
carried out in this study is given in this chapter of the thesis. Information on the 
experimental arrangements and procedures adopted in carrying out the airflow 
measurements are also included in this chapter. 
  
7.1   Statement of Intent 
The aim of the experimental investigations carried out in this study is the provision of both 
qualitative and quantitative experimental data for the validation of the numerical results 
obtained and presented in chapters five and six of this thesis on the patterns of airflow in 
slot-ventilated wall cavities for the remediation of moisture and condensation in such 
cavities. Ideally, the airflow measurements should be carried out in two separate stages: 
one is the measurement of the velocity distributions of airflow in the wall cavities studied 
under the three flow modes (pressure-driven, buoyancy-driven and the combined pressure- 
and buoyancy-driven flow modes) employed in the numerical study previously undertaken 
in this thesis while the other is the determination of the patterns of airflow in the wall 
cavity models studied under the different conditions employed in the first stage of the 
experimental measurements. 
  
The combined information on both the airflow patterns (qualitative) and the velocity 
distributions (quantitative) in the wall cavities will therefore provide a suitable basis for the 
validation of the numerical results earlier presented in this thesis. Whilst limitations (to be 
discussed later) in the experimental investigations carried out in this study prevent data on 
the velocity distributions of airflow (the proposed second stage of the experimental 
measurement programme) in the wall cavities investigated to be obtained, the 
determination of the airflow patterns (qualitative information) in a slot-ventilated wall 
cavity was therefore carried out for the experimental investigations in this thesis. The 
qualitative objective of the experimental investigations carried out in this thesis is to 
therefore obtain the patterns of airflow in the slot-ventilated wall cavity studied under 
varying airflow rates and flow modes.  
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7.2   Description of the Materials and Components of the Airflow Measurement 
Apparatus 
The airflow measurement apparatus, also known as the airflow test cell, employed in the 
experimental investigations carried out in this thesis was designed and constructed to study 
the distributions or the nature (patterns) of airflow in vertical wall cavities of buildings. 
The airflow test cell used in the experimental investigations was a full-scale model of a 
typical wall cavity having a depth (W) of 50mm and employed in building constructions in 
the United Kingdom since it satisfies the Building Regulations’ requirements for the 
prevention of rainwater ingression into buildings [93]. The airflow test cell was built from 
different materials and components; with its major components comprising an acrylic 
plastic sheet (Perspex), a medium density fibre (MDF) board and hollow square steel 
tubes. Other components of the airflow test cell include steel washers, wing screw nuts, 
long threaded bolts, thin weather-strip rubber foams, joints and inserts. 
 
The employment of the acrylic plastic in the construction of the airflow test cell is to allow 
optical access from a certain direction (specifically from the front side of the airflow test 
cell) in the determination of the airflow patterns in the test cell. The use of the acrylic 
plastic in this regard was based on the outstanding thermal and optical properties possessed 
by this plastic in contrast to other thermo-plastics for the airflow measurements carried out 
in this thesis. These properties include a total white light transmittance of up to 92% and a 
reflection loss of about 8%, good optical weatherability, a high resistance to outdoor 
exposure and a very small degree of colour change under most tropical conditions, a high 
dimensional stability at temperatures below 80oC, low water absorption with a water 
content of 0.5-0.8% by weight, a light but high-strength material, a low relative density of 
1.19 [115]. Its clear and transparent nature thus makes it an outstanding choice for use as a 
flow visualization window in the experimental investigations carried out in this thesis. The 
acrylic plastic measures 2m in both height and width, with a thickness of 8mm (Figure 
7.1). 
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Figure 7.1. The acrylic plastic as a flow visualization window. 
  
It serves as the front element of the airflow test cell and is positioned on a layer of four 
hollow square steel tubes. These four hollow square steel tubes are connected together at 
the corners by means of specially fabricated joints and inserts. The specially fabricated 
joints (Figure 7.2a) are made from an aluminium alloy with a light-weight feature while 
the inserts (Figure 7.2b) are made from plastics. 
 
 
(a) 
 
(b) 
Figure 7.2. Joints and inserts employed in the connection of the square steel tubes: (a) a 
three-way joint, and (b) two plastic inserts.  
  
The plastic inserts shown in Figure 7.2b have two ends: one end connected at the edges 
while the other end is open. The open end of the insert goes inside any end of a hollow 
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square steel tube while the connected end stays on the edges of the hollow square steel 
tube. This support is provided by means of the thin plastic strips present on the connected 
end of the insert. With this arrangement of the plastic insert into any hollow square steel 
tube employed in this experimental study, two pieces of hollow square steel tubes can be 
connected together by means of the specially fabricated joint. The type of connection 
obtained when two hollow square steel tubes fitted with the plastic inserts are connected 
together depends on the geometry of the joint used. At the corner of each connection 
therefore, two-way joints having each leg of the joint at right angles to each other are 
employed while at any other connection point, a different type of joint (depending on the 
nature of the connection desired) may be employed. The light-weight feature of the 
specially fabricated joints and the plastic inserts makes no significant contribution to the 
combined weight of all connected hollow square steel tubes employed for the experimental 
investigations carried out in this thesis. 
 
The attachment of the acrylic plastic to a layer of the connected hollow square steel tubes 
is achieved by means of long threaded bolts passing through carefully-drilled, centrally-
located, 6mm diameter holes spaced at 395mm apart on top of the first layer of the 
connected hollow square steel tubes. The spacing (395mm apart) of the bolt holes adopted 
in the design and construction of the airflow test cell in this experimental study prevents 
the development and propagation of cracks in the acrylic plastic when the holes are located 
too close together (less than 395mm apart) while the acrylic plastic may be loosely 
attached to the intended surface (shearing of the plate from the bolted support may occur 
due to the loose attachment) when the spacing between the bolt holes are too wide (greater 
than 395mm apart). 
  
The passage of the long threaded bolts through the bolt holes is also prevented from 
scratching the outer surface of the acrylic plastic by means of steel washers placed beneath 
the wing nuts on the threaded bolts on the outer surface of the acrylic plastic. Scratches on 
the outer surface of the acrylic plastic may undermine some of the optical properties of the 
plastic in the visualization of the airflow patterns in the test cell. The steel washers are 
therefore applied on both sides of the acrylic plastic and on top of the holes through which 
the threaded bolts pass. Steel wing nuts and washers are also employed at the other end 
(the other end of the long threaded bolts is the outer surface of the medium density fibre 
board employed in this experimental study) of the long threaded bolts. Apart from the 
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prevention of scratches on the outer surface of the acrylic plastic, the steel washers also 
ensure that adequate sealing is provided at all locations where connections are made by 
means of the bolt-and-nut connections.  
 
In order to further reduce the risk of damage to the acrylic plastic, thin and sticky weather-
strip rubber foams are employed and sandwiched between the inner surface of the acrylic 
plastic and the first layer of the connected hollow square steel tubes. This arrangement 
provides a cushion effect for the acrylic plastic and thus ensures that the risk of damage to 
the acrylic plastic due to impact is further reduced. With this arrangement, the weight of 
the acrylic plastic squashes the thin weather-strip rubber foams on the first layer of the 
connected hollow square steel tubes. This action, providing further air sealing between the 
inner surface of the acrylic plastic and the outer surface of the connected hollow square 
steel tubes, makes the test cell more air-tight. Additional sealing for air leakage through the 
airflow test cell was provided by running silicone rubber sealant throughout the surfaces 
sandwiched between the acrylic plastic, the thin weather-strip rubber foams and the first 
layer of the connected hollow square steel tubes. 
 
The hollow square steel tubes employed in the experimental study carried out in this thesis 
measure 25mm by 25 mm in cross-section, with a length of 2m. The dimensions of the 
cross-sectional area of the tubes are such that two layers of the hollow square steel tubes 
are required if the depth of the wall cavity (W = 50mm) required for the experimental 
investigations carried out in this thesis is to be achieved. The thin and sticky weather-strip 
rubber foams sandwiched between the inner surface of the acrylic plastic and the outer 
surface of the first layer of the connected hollow square steel tubes are not required 
between the two layers of the connected hollow square steel tubes since these layers are 
from the same material and having similar properties. However, the thin and sticky 
weather-strip rubber foams are employed at the top end of the airflow test cell where 
dissimilar surfaces meet to provide additional air sealing. 
  
The carefully-drilled, centrally-located, 6mm diameter holes spaced at 395mm apart on the 
outer surface of the acrylic plastic are also placed at similar intervals as above on the two 
layers of the connected hollow square steel tubes. In this experimental study, a layer of the 
connected hollow square steel tubes, referred to as a “spacer ring”, is shown in Figure 7.3 
below. The long threaded bolts employed in the attachment of the acrylic plastic to the first 
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spacer ring also pass through the second spacer ring, with the two spacer rings held 
together by the combined action of the long threaded bolts, steel washers and steel wing 
nuts. 
 
 
 
Figure 7.3. Configuration and dimensions of the four hollow square steel tubes 
connected together by means of plastic inserts and specially fabricated two-way joints 
to form a spacer ring. 
  
The hollow square steel tubes forming the two-layered spacer ring employed in the 
experimental study carried out in this thesis are light steel structure with a density 1.36 
g/cm3 [116] and therefore represents the cavity between the outer and inner leaves of 
vertical walls in real buildings. The advantage of the spacer ring employed in the 
experimental investigations carried out in this thesis is that different depth of the wall 
cavity (other than that studied in this thesis) can be investigated by adding an extra spacer 
ring at an increment of 25mm. This enables, if required, wall cavity depth ranging from 
25mm to any higher depth to be investigated. The spacer rings employed in this 
experimental study are therefore sandwiched between the acrylic plastic and a medium 
density fibre (MDF) board. 
  
The MDF board is the last layer of material making up the airflow test cell. The MDF 
board is a homogeneous sheet material of density 0.7g/cm3 and manufactured from fibres 
of lingo-cellulosic material felted together, with the primary bond derived from a bonding 
agent, usually formaldehyde resins [117]. Two MDF boards having a length of 2m, width 
of 1m and a thickness of 9mm are available for these investigations. Whilst a board with a 
square cross-sectional area of 4m2 and a thickness of 9mm is required for the experimental 
study carried out in this thesis, the required dimensions of the MDF board needed for the 
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experimental investigations are therefore obtained by joining the available MDF boards 
together by means of a V-groove slot running through the entire length of each available 
MDF board at the edge to obtain the dimensions of the MDF board required for these 
investigations. The configuration and dimensions of the MDF board are shown in Figure 
7.4 below. 
 
 
 
Figure 7.4. Configuration and dimensions of the medium density fibre (MDF) board 
employed in the experimental study.  
 
The V-groove joining the two available MDF boards together increases the risk of the 
breakage of the board along the line of joint. In order to prevent the breakage of the board 
from occurring, an additional support is provided for the required MDF board. The 
required MDF board is therefore reinforced by a modified version of the spacer ring shown 
in Figure 7.3 above. The spacer ring in Figure 7.3 is modified by inserting a cross-piece, 
made also from the hollow square section steel tubes employed in this study to form the 
“MDF board support ring” shown in Figure 7.5 below. Although varying thickness 
(ranging from 7 – 12mm) of the MDF board is available from the different manufacturers 
contacted when purchasing the boards, the choice of the MDF board with a thickness of 
9mm is based on the need to have a board material that is self-rigid but at the same time 
not making a significant addition to the overall weight of the airflow measurement 
apparatus. 
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Figure 7.5. A spacer ring modified by a cross-piece of the same material as the spacer 
ring to form a MDF board support ring. 
 
The homogeneous nature of the MDF board gives it a premium property of excellent 
machinability without knots and grains. Similar size and spacing of bolt holes present on 
both the acrylic plastic and the two-layered spacer ring are also made on the MDF board. 
Four large diameter (D = 126mm) circular holes, representing circular ventilation 
openings, are made on the MDF board shown in Figure 7.4 above. The choice of this size 
of circular holes on the MDF board is based on the availability of a circular cutting saw 
with a diameter of 125mm. The cutting of these holes therefore leaves a thin clearance of 
about 1mm around the circumference of the holes. By a careful dressing of the perimeter of 
the circular steel sleeves fitting into these holes with duct (sticky) tapes, the thin clearance 
(allowance) created as a result of the difference in the diameters of the circular holes made 
on the MDF board and that of the circular steel sleeves can be neatly blocked so that the 
diameter of the circular steel sleeves becomes the diameter of one category of the circular 
ventilation openings (specifically the circular ventilation openings with a diameter of 
125mm) employed in the numerical investigations carried out earlier in chapter five of this 
thesis. The blockage of the clearance gap is carefully carried out so that no air leakage 
occurs around this gap during the experimental measurements of the airflow in this thesis. 
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With this arrangement, qualitative information on the airflow measurements obtained using 
this size (D = 125mm) of the circular steel sleeves can be compared with the patterns of 
airflow obtained from the numerical results of the 125mm diameter circular ventilation 
openings presented in chapter five of this thesis. The inner surface of the MDF board, 
which serves as the flow background for the airflow measurements carried out in this thesis 
is painted matt black in order to preserve relational information that may affect the quality 
or resolution of the airflow images from the experimental measurements. The acrylic 
plastic (shown in Figure 7.1), a two-layered spacer ring with a thickness of 50mm (twice 
the thickness of the spacer ring shown in Figure 7.3 above), the MDF board (shown in 
Figure 7.4) and the modified spacer ring (shown in Figure 7.5) are arranged in a layer-by-
layer manner shown in Figure 7.6 below to form the major components of the airflow test 
cell. The component parts shown in Figure 7.6 below are closely assembled together using 
a combination of wing screw nuts, long threaded bolts, steel washers, thin weather-strip 
rubber foams and silicone sealant to form the airflow test cell. Other materials and 
components employed in the airflow measurement apparatus will be discussed later in this 
chapter. Notations A – D in Figure 7.6 are as given below. 
 
Notation 
A: Acrylic plastic, B: Two-layered spacer ring, C: Medium density fibre (MDF) board and 
D: MDF board support ring. 
  
   
 
Figure 7.6. A layer-by-layer view showing the major components of the airflow test cell. 
A 
B 
C 
D 
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7.3   Specifications and Purpose of the Test Cell in the Measurements of Airflow 
Patterns 
The airflow test cell is built for the airflow measurements carried out in this thesis. The 
airflow test cell thus assists us to achieve the following: 
(a) To simulate airflow in an enclosure of dimensions representative of a cavity within a 
vertical building wall, and 
(b) To observe the patterns of the simulated airflow in the modelled wall cavity. 
 
In order to achieve the above purposes, the design of the airflow test cell must therefore 
fulfil certain functional requirements for its effectiveness in the measurements of the 
airflow patterns in the modelled wall cavity. The specific function and requirements of the 
airflow test cell are thus discussed below. 
 
7.3.1   Functionality 
The specific function of the airflow test cell is the visualization of the patterns of airflow 
for a range of flow rates and ventilation strategies. 
 
7.3.2   Requirements 
For the airflow test cell to perform the above specific function, it must meet the following 
requirements: 
(a) It must have a transparent flow window. 
(b) It must be capable of allowing different permutations of the ventilation openings. 
(c) There must be capabilities for the angle of the airflow test cell about its support to be 
varied, thus permitting the simulation of wall and roof cavities. 
(d) It must be rigid under self-load. 
(e) It must permit the depth of the cavity to be varied. 
 
While trying to build an airflow test cell that will meet the above requirements, many 
difficulties and limitations were encountered. Thus the design and construction of the final 
airflow test cell model passed through a series of design iterations in order to meet the aim 
and objectives of the experimental measurements. These are briefly discussed below. 
 
7.3.3   Design Iteration 1 
The initial design of the airflow test cell aims at a wall cavity model with a height and 
width of 3m, and a depth of 50mm. This design of this wall cavity model meets the typical 
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maximum floor-to-ceiling distance for most buildings, with the component elements of the 
test cell being a timber spacer ring representing a wall cavity, an acrylic plastic serving as a 
flow visualization window for the front element (wall) of the test cell, a plywood material 
for the back wall of the cavity and a tilt mechanism having the capability for simulating 
patterns of airflow in both a vertical wall cavity and a sub-floor space. However, the initial 
design of the airflow test cell was abandoned due to the following design issues. 
 
7.3.3.1   Size of the Airflow Test Cell 
An acrylic plastic having a height (and a width) of 3m required for a wall cavity model and 
whose height represents the typical maximum floor-to-ceiling distance for most buildings 
for use as a flow visualization window could not be obtained from the various 
manufacturers contacted. Acrylic plastic sheets with a height of 3m and a width of 2m 
(standard size of the acrylic plastic available from all manufacturers) are however 
available. The available acrylic plastic sheets are also of thickness of 12mm. This 
constitutes a significant addition to the weight of the acrylic plastic in contrast to one 
having a height (and a width) of 2m and a thickness of 9mm. Two off-cut acrylic plastic 
sheets, each with a dimension of 3m for the height and 1.5m for the width are therefore 
joined together using established design methods. 
  
The resulting acrylic plastic sheet was then supported through the line of joint with two 
thin strips of acrylic plastic sheet on both sides of the joint in order that the size required 
for the proposed wall cavity model might be obtained. This makes the airflow test cell have 
a seam down the front element that is destructive to the visualization of the airflow patterns 
as the seam introduces discontinuity to the flow of air in the test cell. The plywood acting 
as the backing for the airflow test cell was not an issue in this regard. Considerations for 
the issues of weight and discontinuity to flow of air in the test cell therefore require that the 
airflow test cell be re-designed. 
 
7.3.3.2   Loading on the Airflow Test Cell 
The loading (self-weight) on the airflow test cell was very high. An acrylic plastic with 
dimensions of 3m x 3m x 0.012m alone weighs approximately 129kg. At this stage, the tilt 
mechanism initially proposed for the airflow test cell to be able to simulate roof and wall 
cavities was therefore considered unsafe and only the wall test cell design was opted for. 
The new design for the wall cavity model is one having a height and a width of 2m each, 
 191 
with a thickness of 9mm. This wall cavity model brings a significant weight saving and 
meets the requirement for the minimum floor-to-ceiling distance in most buildings. 
 
7.3.3.3   Space and Location 
The initial wall cavity model for the airflow test having a height (and a width) of 3m, 
including other components of the test cell, was too large to be moved into the area of the 
laboratory for installation due to limitation of space in the elevator and the height of the 
laboratory door. The above design issues therefore necessitated a review of the design of 
the airflow test cell based on approaches from the initial test cell design (design iteration 1) 
for improvement as a result of considerations for safety, accessibility, weight and space 
availability. 
 
7.3.4   Design Iteration 2 
The re-design of the initial airflow test cell model was undertaken with a view to bring 
about an improvement in the performance of the test cell. An acrylic plastic measuring 2m 
x 2m x 0.008m employed for the new design weighs about 38 kg. This represents a saving 
of 70.54% in the weight of the acrylic plastic in contrast to the initial size of the acrylic 
plastic (measuring 3m x 3m x 0.012m). Altogether, a 59% saving in the total weight of the 
airflow test cell is obtained due to the new design employed for the test cell. The total 
saving in the weight of the airflow test cell is due primarily to the replacement of the 
timber spacer having a thickness of 50mm with a less dense two-layered spacer ring of the 
same thickness. 
  
Also, a contribution to the weight reduction is obtained from the replacement of the MDF 
board with dimensions of 3m x 3m x 0.009m by another one having dimensions of 2m x 
2m x 0.09m. Although the deflection of the acrylic plastic obtained in the two design cases 
are of the same order; nevertheless, a gain of about 56% is obtained through the new 
design approach. In addition to weight savings and rigidity gains obtained, the new design 
approach offers the flexibility of varying the depth of the cavity, if required, below or 
above the 50mm studied in this thesis just by removing or adding a spacer ring having a 
depth of 25mm. 
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7.4   Instrumentations for the Airflow Measurements 
The effectiveness of the airflow test cell designed and constructed for the experimental 
investigations carried out in this thesis depends on the performance of the test cell in 
producing adequate representations of the airflow patterns in the wall cavity model studied 
experimentally under different flow rates and ventilation strategies. In order to therefore 
achieve adequate functionality of the airflow test cell in the visualization of the patterns of 
airflow in the wall cavity model under varying experimental conditions studied in this 
thesis, certain instrumentations are employed together with the airflow test cell. These 
instrumentations, shown in Figure 7.7 below and manufactured [118] together as a whole 
operational unit, are combined with the airflow test cell to form the complete airflow 
measurement apparatus employed for the experimental investigations carried out in this 
thesis. 
 
 
 
Figure 7.7. Flow measurement instrumentations employed in the experimental study. 
  
The whole instrumentation unit comprises the centrifugal fan, airflow duct, airflow 
anemometer, flow straightener, airflow meter, pressure micro-manometer and the variable 
flow controller. Other test accessories employed with the measurement instrumentations 
include flexible hoses and various forms of pipe connector. The test instrumentations 
mentioned above are therefore briefly discussed below. 
 
7.4.1   Centrifugal Fan 
Two centrifugal fans are provided for supplying the airstream into the wall cavity model 
experimentally studied in this thesis. The medium-size centrifugal fan is supplied as part of 
the whole test instrumentation unit while a small-size centrifugal fan is provided separately 
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as an additional test instrumentation for the airflow measurements in the lower volumetric 
flow-rate end. The medium-size centrifugal fan shown in Figure 7.7 above has a supply 
rating of 115 or 230V at a frequency of 50Hz, with a maximum running current of 7.6A for 
the 115V rating and 3.8A for the 230V rating. It has a rotational speed of 2800 rev/min and 
can deliver airflow of 47litres/sec at free discharge, with a maximum operating 
temperature of 40oC. It is thermally protected from the environment so that any abrupt 
change in the ambient temperature will not affect its performance. It consists of a large 
diameter outer end covered with an air grille. 
  
The air grille, consisting of fine wire mesh, restricts the entrance of insects and other small 
objects into the casing of the fan while at the same time functioning as a safety device. The 
diameter of the opposite end of the medium-size centrifugal fan is small and thereby fits 
into an airflow duct. The medium-size centrifugal fan is capable of providing a range of 
airflow rate, measured in m3/hr and adjusted by a variable flow controller. In order to guide 
against the stalling of the medium-size centrifugal fan when operated at the lower flow-rate 
end, the small-size centrifugal fan that is capable of efficient operation at the lower flow-
rate end is provided. The small-size centrifugal fan has a power rating of 31W and operates 
on a current of 0.18A with an alternating voltage of approximately 230V at a frequency of 
50Hz. 
 
7.4.2   Airflow Anemometer 
The airflow anemometer is located 53cm away from one of the open ends of the airflow 
duct and on top of it, with a thin cylindrical tube sensor from the anemometer projecting 
into the airflow duct. The airflow duct is a PVC100 cylindrical pipe type, measuring 1.8m 
in length and 0.125m in diameter. A small cylindrical pipe located centrally in the airflow 
duct directs the incoming stream of air from the medium-size centrifugal fan through many 
closely-arranged hexagonal metal plates resembling an honey-comb structure (this honey-
comb structure is referred to as a flow straightener) onto the anemometer. The anemometer 
intercepts the “straightened” airstream and converts it to a sinusoidal electrical signal, 
which is subsequently converted by an ac-to-dc converter to a digital data on the airflow 
meter. The digital data is displayed on a small Light Emitting Diode (LED) screen located 
at a side of the airflow meter and represents the volumetric flow rate, measured in m3/hr, of 
the supplied airstream. 
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7.4.3   Pressure Micromanometer 
The micromanometer measures the differential air pressure across any ventilation opening 
in the airflow test cell in mmWg. The analogue differential pressure reading registered by 
the micromanometer is therefore indicated by a dial over a calibrated scale. The 
micromanometer can be connected to a data logger and thereby providing the 
corresponding digital readings of the differential pressures across the ventilation openings 
located on the MDF board shown in Figure 7.4 above. The measurement of the differential 
pressure across any ventilation opening on the MDF board is achieved by means of 
pressure tappings present on a cylindrical steel sleeve provided as additional test accessory 
in the instrumentations employed for the airflow measurements. The airflow meter and the 
pressure micromanometer can both give readings in free discharge and when coupled to a 
resistance. 
  
The flexible hoses and the different forms of the pipe connector provided assist in directing 
the airstream coming through the airflow duct to the airflow test cell through the inlet 
(upper) ventilation openings on the MDF board. With this arrangement, a measurement 
interface is therefore created between the airflow test cell and the test instrumentations 
employed to produce a complete airflow measurement apparatus for the experimental 
investigations carried out in this thesis. 
 
7.5   Experimental Measurement Programme 
The complex nature of the movement of air in an enclosure, especially one with a small 
depth of cavity, such as the thin wall cavity investigated in this thesis, makes detailed 
information on the patterns of airflow in such an enclosure difficult to obtain. For 
comparable qualitative data (patterns of airflow) to therefore be obtained in a manageable 
form, a standard or a specific type of measurement needs to be carried out in a reasonable 
period of time. To this end, the pressure-driven flow mode, where all walls of the cavity 
are assumed to be perfectly insulated (adiabatic), was employed for the experimental 
investigations carried out in this thesis. Various limitations; such as a delay in the 
construction of the airflow test cell due to the late arrival of materials from the different 
manufacturers, changes in the design plan leading to a re-design of the airflow test cell (see 
sections 7.3.3 and 7.3.4) and others (the other limitations will be explained later in this 
section and section 7.6 of chapter 7) encountered in the course of the experimental study 
carried out in this thesis cause a significant reduction in the number of test cases under the 
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pressure-driven flow mode carried out in this thesis. To this end therefore, two volumetric 
flow rates: 22 and 44m3/hr, corresponding to reference (inlet) wind speeds of 0.5 and 1m/s 
were investigated. 
 
Whilst it is always very difficult to obtain perfectly insulated surfaces for experimental 
investigations under the pressure-driven flow mode employed in this thesis, the choice 
(and properties) of materials used in the construction of the airflow test cell for the 
visualization of airflow in the modelled wall cavity ensures that there is no significant heat 
transfer in and out of the wall cavity investigated in this thesis as a result of the low 
thermal conductivity [115] of the acrylic plastic (0.17W/mK) and the MDF board 
(0.06W/mK) employed in these investigations. The thin black coating on the hollow square 
steel tubes employed in the two-layered spacer ring (Figure 7.3) and the inner surface of 
the MDF board shown in Figure 7.4 above also minimises the transfer of heat between the 
ambient environment and the modelled wall cavity.     
 
For the measurement of the patterns of airflow in the wall cavity investigated in this thesis, 
a flexible duct with a diameter of 135mm was employed. The inner surface of the flexible 
duct is reinforced with a continuous thin coiled metal wire to support the flexible duct. One 
end of the wire-reinforced flexible duct is connected to the open end of the plastic airflow 
duct shown in Figure 7.7 above. Since the diameter of the plastic airflow duct is smaller 
than that of the wire-reinforced flexible duct, a circular metal clip employing a small screw 
for its adjustment was employed in fastening the wire-reinforced flexible duct to the plastic 
airflow duct. A similar method of connection was employed in fastening the other end of 
the wire-reinforced flexible duct to a Y-shaped plastic pipe connector. 
  
Two different lengths of the same form of the wire-reinforced flexible duct were again 
employed and fastened to the bifurcated ends of the Y-shaped plastic pipe connector using 
two other screw-adjusted circular metal clips employed earlier. The two ends of the wire-
reinforced flexible ducts emanating from the bifurcated ends of the Y-shaped plastic pipe 
connector were again connected by means of the screw-adjusted circular metal clips to two 
short circular steel sleeves having an inner diameter of 125mm each. The other end of the 
circular steel sleeves are neatly dressed (paragraph 13 on page 8 of section 7.2 provides the 
explanation for the dressing applied on the circular steel sleeves) and inserted into the inlet 
(upper) ventilation openings on the MDF board shown in Figure 7.4 above. 
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The insertion of the other dressed-end of the circular steel sleeves into the inlet ventilation 
openings for the experimental investigations carried out in this thesis is such that the 
dressed-end of the circular steel sleeves are made to flush perfectly with the thickness of 
the MDF board. The projection of this end of the circular steel sleeves beyond the 
thickness of the MDF board into the wall cavity will introduce obstruction to the 
movement of air and thereby causes discontinuity to airflow in the modelled wall cavity. In 
order to have clear images for the patterns of airflow in the modelled wall cavity under 
varying volumetric flow rates, the airstream supplied into the wall cavity through the inlet 
ventilation openings is seeded. This is done by introducing small spherical particles, called 
the flow seeds, meeting certain requirements of the airflow visualization exercise in the 
modelled wall cavity into the airstream. 
 
An important requirement of the airflow visualization activities carried out in this thesis is 
the need to choose seeding particles that are sufficiently small and assumed to follow the 
airflow under study very closely. Three essential conditions are therefore required for this 
to be achieved. On one hand, the density of the seeding particles and that of the cavity fluid 
(air) must closely match. The seeding particles must therefore be as neutrally buoyant as 
possible since variation in the density of the seeding particles and that of the cavity fluid 
may lead to differences in the motion of the cavity fluid and the seeding particles due to 
inertia and gravity. 
  
On the other hand, the seeding particles should be small enough to represent the variations 
in the velocity of flow in the modelled wall cavity accurately while at the same time large 
enough to scatter enough light when illuminated in order that the motion of the seeding 
particles may be correctly followed and properly captured. The scattering efficiency of the 
seeding particles depends on the refractive index of the particles relative to that of the 
cavity fluid [119]. Finally, it is recommended that spherical particles be employed in order 
to minimise the effects of the velocity gradients at very low speeds on the airflow in the 
modelled wall cavity [119, 120]. Thus the visualization of the airflow in the modelled wall 
cavity experimentally studied in this thesis is enhanced by seeding the cavity fluid since air 
is a colourless gas and difficult to visualize. 
 
For the experimental investigations carried out in this thesis, small quantities of the small 
spherical particles (in powdery form), called microspheres [121], are therefore introduced 
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into the airflow in the modelled wall cavity at a point very close to where one end each of 
the circular metal sleeves is fastened to each end of the wire-reinforced flexible ducts 
coming from the bifurcated ends of the Y-shaped plastic pipe connector. This location for 
introducing the seeding particles into the airflow was based on the following three reasons: 
 
(a) The seeding particles need to be airborne for a long period of time for effective 
visualization of the patterns of airflow in the modelled wall cavity, otherwise, they will 
settle down quickly in the conveying medium and as a result, the amount of the seeding 
particles left may not be enough for the effective visualization of the airflow patterns. 
(b) The wire-reinforced flexible ducts will impede the flow of the seeding particles when 
introduced at any other point far away from the entrance of the circular ventilation 
openings. 
(c) The seeding particles may be sucked back into the centrifugal fan when introduced at 
any location farther from the entrance of the circular ventilation openings. 
 
The flow seeds are therefore introduced via smaller perforations present on two shakers 
(the shakers are plastic containers containing the seeding particles and have smaller 
perforations on their lids) in “reasonable” quantities into the airstream going into the 
modelled wall cavity through the inlet ventilation openings. The concentration of the 
seeding particles introduced into the airflow in this experimental study is referred to as 
being “reasonable” in order to describe a controlled quantity of particles that will not result 
in the multi-scattering of the light incident on the seeding particles in the modelled wall 
cavity. Massive multi-scattering effects can cause the reflected and the refracted light 
coming from the seeding particles to spread in all directions and thereby resulting in 
insufficient intensity of light absorbed by the seeding particles. By having insufficient light 
absorbed by the seeding particles, the quality (or resolution) of the flow images in the 
modelled wall cavity will be poor since the path of the seeding particles (and consequently 
the airflow) in the modelled wall cavity will be difficult to map out. 
  
The flow seeds (microspheres) employed in the experimental investigations carried out in 
this thesis are hollow glass spheres with a high strength to density ratio. The average 
particle size of these flow seeds ranges from 17 to 65 microns while an average specific 
gravity of 0.6 to 0.12 [121] makes them a good choice for the visualization of the airflow 
pattern in the modelled wall cavity as they are light enough to follow the direction of the 
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airstream in the airflow test cell. The employment of these particles as flow seeds was 
based on the personal recommendation of one of the staff of English Heritage (one of the 
sponsors of this research work) as being effective in airflow visualization experiments in 
vertical wall cavities. The use of smoke as a flow seed, either in the cold or warm state, for 
this experimental study was also ruled out in order to avoid damage due to corrosion 
(erosive reaction of some elements of the airflow measurement apparatus with the smoke). 
The action of the smoke due to burning may also stain the acrylic plastic employed as the 
flow visualization window and thus creates an additional cleaning problem in removing the 
stain. 
 
The movement of the flow seeds in a ventilated enclosure, such as the modelled wall cavity 
studied in this thesis, depends on the balance of forces (the forces acting on an airborne 
flow seed are the gravity and the aerodynamic lift and drag) acting on them. The 
trajectories of these particles in a ventilated enclosure will therefore depend on the balance 
of these forces, as shown in Figure 7.8 below, acting on them. In Figure 7.8, rV  is the 
velocity (m/s) of a spherical particle relative to the cavity fluid (air), the aerodynamic lift 
acting on the particle is the buoyancy effect due to the displacement of air layers through 
which the particle flows while the drag force is the resistance to the motion of the particle 
through the air layers and act in a direction opposite to the motion of the spherical particle. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.8. The trajectory of a spherical particle, showing the forces acting on it, in a 
ventilated enclosure. 
  
The particle in the ventilated enclosure shown in Figure 7.8 above will therefore remain 
airborne if the force due to the lift acting on the particle is sufficient enough to overcome 
the combined effect of the gravitational pull (the weight of the particle) and the drag force 
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acting on the particle. In order to visualise the patterns of airflow in the modelled wall 
cavity at inlet wind speeds of 0.5 and 1m/s, the centrifugal fan is made to deliver about 22 
and 44m3/hr of air into the modelled wall cavity while the airflow is seeded as described 
above. For these volumetric quantities of air to be achieved, the readings on the airflow 
meter are allowed to be steady. The instability of the readings on the airflow meter is due 
to the fluctuation associated with the flow of the wind. This instability is also observed in 
the laboratory area where the complete airflow measurement apparatus is located due to 
changes in the density (as a result of changes in the temperature of the air) of air between 
the laboratory area and other working areas connected to the laboratory area. The region 
around the airflow measurement apparatus is also screened by means of tall and wide 
wooden boards and black clothing fabrics in order to provide a well controlled micro-
climate around the airflow measurement apparatus. 
  
As a result of this screening, low intensity of light is obtained in the region around the 
airflow measurement apparatus. The intensity of light within this region has to be increased 
in order to obtain clear images of the patterns of airflow within the modelled wall cavity 
under varying ventilation rates. To this end, three spot (halogen) lamps were employed to 
illuminate this region. The illumination provided by these spot lamps affected the 
experimental measurement of the airflow in the modelled cavity as the high-temperature 
light beam emanating from these lamps causes the acrylic plastic to slightly bulge outward 
due to the intense heating of the surface of the acrylic plastic by the high-temperature light 
beam. The heating of the surface of the acrylic plastic due to the high-temperature light 
beam may alter the dynamics of the airflow in the modelled wall cavity due to changes in 
the temperature of the air within the affected localized regions. This is avoided by 
replacing the three spot lamps with four fluorescent light sources having low heating 
values. The fluorescent light sources are therefore attached to all sides of the front element 
(acrylic plastic) of the airflow test cell by means of bolted connections on small steel plates 
firmly attached to the MDF support ring vertically at the side of the airflow test cell 
(shown in Figure 7.9 below). 
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Figure 7.9. Side view of a fluorescent light source showing the bolted support 
employed in providing the attachment. 
       
Similar steel plates by means of bolted connections are also employed at the upper and 
lower sides (the upper and lower fluorescent light sources are shown in Figure 7.10 but the 
support for the small steel plates holding them in place are obscured by the fluorescent 
light guides) of the front element of the airflow test cell. The light guides employed for all 
fluorescent light sources used in this experimental study are to further reduce the intensity 
of heating on the acrylic plastic by the fluorescent light sources. The light guides thus 
screen away heat from the surface of the acrylic plastic. For the screening of the heat from 
the surface of the acrylic plastic to be effective, no contact must be established between 
these guides and the acrylic plastic. A small gap was therefore maintained between these 
surfaces (the light guides and the acrylic plastic). This small gap also ensures that the 
surface of the acrylic plastic is not scratched (scratching of this surface will affect the 
quality of the flow images obtained in the experimental measurements). The divergence of 
the light beam from the fluorescent light sources is also limited by the curved light guides. 
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Figure 7.10. Front view of the airflow test cell showing the attached fluorescent light 
sources and the wooden screens (in blue) employed in the experimental study. 
 
The detailed study of the patterns of flow (qualitative data) and the distributions of the 
flow velocities (quantitative data) in any enclosure may be obtained using certain 
experimental techniques such as the Schlieren optical technique of measurement and 
Shadowgraphy [29-31], Holographic Interferometry [119, 122, 123], Laser Doppler 
Velocimetry and Laser Vapour Screen [124], thermal anemometers [125], Tracer gases 
[49] and Particle Image Velocimetry (PIV) [120]. Whilst some of these techniques provide 
useful information on the general flow structure and circulation behaviour, consideration 
for the elements of cost, availability of space, required skilled personnel and time required 
for sampling and obtaining adequate information on the flow field studied put a constraint 
on their use in a wide range of applications [49]. Large error margins encountered due to 
the sophistication and method of handling of some of the measurement techniques 
mentioned above may also cause a greater degree of uncertainty in the measured data 
obtained using these techniques [126]. The choice of the visualization technique employed 
for the experimental investigations carried out in this thesis is therefore severely limited 
due to the following reasons: 
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(a) PIV and other laser equipment that are capable of providing a non-intrusive 
measurement approach without causing any re-distribution of the flow field are not 
available for use. 
(b) The use of tracer gases was ruled out as a result of the slow response of the airflow 
measurement instrumentations employed in this study and the complexity of the sampling 
that would be required in the experimental measurements. 
 
As a result of the above limitations, an ordinary visual approach was employed in the 
determination of the patterns of airflow in the modelled wall cavity investigated in this 
thesis. The visual approach involves the use of a video camera positioned at right angle to 
the plane of the visualization window (the acrylic plastic) for recording the patterns of flow 
from the seeded airstream in the modelled wall cavity. This visual approach is therefore a 
simple laboratory technique that meets the requirements and functionality of the testing 
procedure for the airflow visualization carried out in this thesis. 
  
Before commencing the measurements in this study, the air-tightness of the test cell was 
carried out. This involves a simple and approximate cavity pressurization procedure for 
determining the air-leakage characteristics of the airflow test cell. This is achieved by 
coupling the flexible airflow ducts to the inlet ventilation openings while the other 
ventilation openings (that is, the outflows) remain closed. A known volumetric quantity of 
air is passed into the cavity from the centrifugal fan while one of the lower ventilation 
openings is opened. By allowing the volumetric flow rate of the supplied air to reach a 
steady state, a resistance to the flow rate in the test cell is however introduced by plugging 
the opened ventilation slot when the flow is steady (any of ventilation openings for the 
airflow test cell can be closed using the wooden lids shown in Figure 7.11 below). 
  
The difference in the airflow rate obtained between the point of flow stabilization (a steady 
state value for the initial flow rate supplied to the test cell) and the point where a resistance 
is introduced into the flow (plugging of the opened ventilation slot) determines the degree 
of air-tightness of the ventilated test cell. This approximate method for the determination 
of the air-tightness of the cavity is used due to the slow response of the instrumentations 
employed for the airflow measurement apparatus. The procedure for the determination of 
the patterns of airflow employed in this thesis therefore records the continuous movement 
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of the seeded airstream in contrast to the mapping and statistical treatment of smaller flow 
areas, called interrogation areas, in the PIV method of measuring airflow in enclosures. 
 
 
 
Figure 7.11. Back view of the airflow test cell showing the supports and the wooden lids for 
closing the ventilation openings.  
 
7.6   Results and Discussion 
The investigations carried out in this thesis were initially aimed at the determination of the 
ventilation rates and the patterns of airflow in slot-ventilated wall cavities under varying 
range of the reference (inlet) wind speed, 
2hw  and different flow modes. These 
investigations were based on using experimental and numerical techniques in achieving the 
desired results. The numerical investigations assess the influence of the size of the 
ventilation slots, spacing between the slots and the number of the ventilation slots 
employed in this thesis on the characteristics (patterns of airflow and velocity distributions) 
of the velocity field within the wall cavities studied. The success enjoyed by the numerical 
investigations changed the balance of the research work from being experimentally- and 
numerically-based to one primarily focused on the use of Computational Fluid Dynamics 
(CFD) in achieving the results of the study. 
  
Also, the time-consuming nature of the experimental investigations, the various limitations 
associated with the slow response of the instrumentations employed with the airflow test 
cell and the unavailability of PIV and other laser equipment having the capability of giving 
the required sampling to adequately define the velocity field within the wall cavities 
MDF Support 
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Test Cell 
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investigated cause the availability of restricted data for the experimental investigations 
carried out in this thesis. As a result of these therefore, the discussion of the experimental 
investigations carried out in this thesis will be limited to the patterns of airflow obtained 
within a wall cavity ventilated by moderately-spaced circular openings with a diameter of 
125mm at reference (inlet) wind speeds of 0.5 and 1m/s under the pressure-driven flow 
mode shown in Figures 7.12(a) and 7.13(a) below. The experimental results shown in 
Figures 7.12(a) and 7.13(a) below will therefore be compared against the predicted patterns 
of airflow for the same size of openings and similar reference wind speeds under the 
pressure-driven flow mode shown in Figures 7.12(b) and 7.13(b). 
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(a) 
 
(b) 
Figure 7.12. Airflow patterns from moderately-spaced circular ventilation openings with a 
diameter of 125mm under the pressure-driven flow mode at a mean air speed of 0.5m/s:  
(a) Experimental (b) Numerical 
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(a) 
 
(b) 
Figure 7.13. Airflow patterns from moderately-spaced circular ventilation openings with a 
diameter of 125mm under the pressure-driven flow mode at a mean air speed of 1.0m/s:  
(a) Experimental (b) Numerical 
 
At a reference (inlet) wind speed of 0.5m/s shown in Figure 7.12(a), the measured airflow 
pattern shows the occurrence of a main region of recirculation, called the primary 
recirculation region, around the left wall and spreads towards the core of the modelled wall 
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cavity experimentally investigated in this thesis. The intensity of the airflow can be seen in 
Figure 7.12(a) to be more concentrated around the left side of the cavity wall in Figure 
7.12(a). As the flow of the air spreads from the core of the cavity, the airstream flows 
downward towards the bottom of the cavity and rises upward to meet the wall-bounded 
airstream emanating from the left inlet circular ventilation opening. Since the flow of the 
air from the inlet ventilation opening on the left side of the wall cavity follows a strong 
path (that is, of a greater intensity than the rest of the cavity domain), the intensity of the 
airflow in the vicinity of the left wall of the cavity is therefore increased due to a confluent 
streamline formed by the merging of the two airstreams from the core of the cavity and that 
emanating from the left inlet ventilation opening. This pattern of airflow observed in 
Figure 7.12(a) is in agreement with the simulated airflow pattern predicted at the same 
reference wind speed shown in Figure 7.12(b). 
 
From Figure 7.12(b), it can be seen that the confluent airstream formed in the vicinity of 
the left wall flows out of the cavity through the outflow directly beneath the left circular 
opening at the upper part of the cavity. Whilst the outer layer of the primary recirculation 
region in Figure 7.12(b) forms a confluent air jet with the wall-bounded air stream from the 
left inlet ventilation opening, the core of the primary recirculation region can be seen to 
flow in a counter-direction to that of its outer layer. The airstream issuing from the left 
inlet ventilation opening also flows very close to the upper wall of the cavity in Figure 
7.12(b). This flow path at about three-quarter of the length of the upper cavity wall follows 
the edge (the outer region) of the primary recirculation cell to join the earlier confluent jet 
formed in the wall cavity. It can therefore be seen from Figure 7.12(b) that the path of this 
airflow intercept the counter-flow pattern of the core region of the primary recirculation 
cell. This action may reduce the volumetric quantity of airstream coming together to form 
the confluent air jet. The reduction in the volume of the airstream forming the confluent jet 
therefore explains the thinning out of the airflow around the small rectangular spot (the 
small rectangular spot is not a genuine feature of the airflow in the wall cavity) in the wall 
cavity shown in Figure 7.12(a). 
  
The thinning (the spreading of the airflow) out of the airflow around this rectangular spot 
can also be attributed to the small wind pressure difference, wp∆  of 0.07Pa driving the 
cavity flow in Figure 7.12(a). Though two flow recirculation regions, with the primary 
recirculation region occurring within the core of the cavity while the secondary 
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recirculation region occurs beneath the primary recirculation region and around the bottom 
of the cavity, are present in the simulated airflow pattern shown in Figure 7.12(b), the 
secondary recirculation region of the cavity flow can be seen to be entrained by the 
confluent air jet to the bottom of the wall cavity in Figure 7.12(b). The entrainment of the 
secondary recirculation region of the cavity flow in Figure 7.12(b) therefore prevents it 
from expanding. The entrainment of the secondary recirculation airflow region thus limits 
its growth and influence on the entire cavity flow at a reference wind speed of 0.5m/s. The 
entrainment of the primary recirculation region is not captured in Figure 7.12(a) as a result 
of the restricted field of view caused by the arrangement of the side lightings. The pattern 
of airflow presented in Figure 7.12(a) above is therefore only due to the influence of the 
primary recirculation region in the cavity flow. 
 
The jet of air coming from the right inlet circular ventilation opening in Figure 7.12(b) has 
a less significant effect on the pattern of airflow obtained in the wall cavity. The airstream 
from this inlet opening can be seen from Figure 7.12(b) to be greatly constrained to the 
right wall of the cavity and subsequently flows out of the wall cavity through the outflow 
immediately below the path of the airstream. The behaviour of the airflow coming from 
this opening also explains the thinning out of the airflow identified by the black region in 
the measured airflow pattern shown in Figure 7.12(a). The entire pattern of airflow in the 
x-y plane of the cavity is shown in Figure 7.12(b) (also in Figure 7.13(b)) while in Figures 
7.12(a) and 7.13(a), the measured patterns of airflow are off-cuts of the actual flow field 
for the 2m by 2m wall cavity investigated experimentally at reference wind speeds of 0.5 
and 1.0m/s in this thesis. 
 
The cut-out regions of the measured flow field include the areas covered by the side 
lightings attached to the acrylic plastic for illuminating the wall cavity shown in Figure 
7.10 above. In order to therefore obtain adequate details of the patterns of airflow at these 
wind speed values, the boundaries of all circular ventilation openings employed in the 
experimental study carried out in this thesis are completely excluded from the experimental 
measurements. Thus, the airflow measurement domain covered in each of the flow cases 
presented in Figures 7.12(a) and 7.13(a) is reduced further. The arrangement of the side 
lightings and the need to obtain adequate information on the patterns of airflow 
experimentally investigated in this thesis therefore cause the exclusion of the patterns of 
airflow around the walls of the cavity and thereby result in the visualization of the patterns 
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of airflow in the core area of the flow field bounded by the grid points H1, H2, H3 and H4 
shown in Figure 7.14 below. 
 
 
Figure 7.14. Experimental measurement domain employed for the patterns of airflow 
present in Figures 7.12(a) and 7.13(a).  
     
In Figure 7.13 above, an increase in the reference wind speed from 0.5 to 1.0m/s increases 
the wind pressure difference, wp∆  driving the cavity flow from 0.07Pa to 0.34Pa. The 
increased wind pressure difference, wp∆  driving the cavity flow in this instance therefore 
increases the intensity of the cavity flow. This can be seen in Figure 7.13(a) where there is 
an increase in the intensity of the airflow (having more cloudy appearance) in the restricted 
airflow measurement domain in contrast to the measured patterns of airflow shown in 
Figure 7.12(a) at a reference wind speed of 0.5m/s. Unlike the airflow pattern shown in 
Figure 7.12(a) where more volumetric quantity of airstream issues from the left inlet 
ventilation opening, less airstream emanates from a similar inlet opening in Figure 7.13(a) 
at a reference wind speed of 1.0m/s. The airstream coming from this opening can therefore 
be seen in the simulated pattern of airflow shown in Figure 7.13(b) under similar reference 
 210 
wind speed and flow mode employed in Figure 7.13(a) to restrict its flow to the wall of the 
cavity and out of the cavity through the left outflow. 
  
A greater volumetric quantity of the airstream issuing from the left ventilation opening and 
flowing very close to the upper cavity wall assists in the restriction of the lesser fraction of 
the airstream coming from the same opening to the wall of the cavity before it flows out in 
Figure 7.13(b). In Figure 7.13(b), two recirculation flow regions are also obtained. Whilst 
dissimilar sizes of flow recirculation regions are obtained in Figure 7.12(b) at a reference 
wind speed of 0.5m/s, the sizes of the flow recirculation regions obtained in Figure 7.13(b) 
at a reference wind speed of 1.0m/s are however similar. The lesser quantity of airstream 
coming from the left inlet ventilation opening and the bigger size of the flow recirculation 
regions in Figure 7.13(b) therefore explains the increased intensity of the airflow observed 
in the experimentally measured airflow pattern shown in Figure 7.13(a). The increased 
intensity of the airflow in Figure 7.13(a) causes the seeded airstream to spread out more in 
Figure 7.13(a) than those observed in Figure 7.12(a). The increased recirculation obtained 
in Figure 7.13(a) is as a result of an increase in the average kinetic energy of the seeded 
airstream. 
  
The wider coverage (diffusion) of the measured airflow pattern in Figure 7.13(a) causes a 
reduction in the area of the black region towards the right-hand side of Figure 7.13(a) in 
contrast to that obtained in Figure 7.12(a) at a lower reference wind speed. In this regard, 
the black region in the experimental measurement domain in both Figures 7.12(a) and 
7.13(a) indicates the area not reached by the seeded airstream. The quantity of the 
airstream and its pattern of flow from the right inlet ventilation opening in Figure 7.13(b) 
are similar to that obtained in Figure 7.12(b). However, an increased recirculation around 
the right outflow boundary can be observed in Figure 7.13(b) in contrast to a reduced 
airflow recirculation around a similar outflow boundary in Figure 7.12(b). 
 
In the experimental investigations carried out in this thesis, the quality (resolution) of the 
measured patterns of airflow shown in Figures 7.12(a) and 7.13(a) can be seen to be poor. 
This is due partly due to the visual approach, where an ordinary recording video camera 
and white light emanating from the side-mounted fluorescent sources, were used in the 
determination of the patterns of airflow under the reference wind speeds and flow mode 
employed in these investigations. For the visualization of the airflow patterns in most 
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enclosures, a laser light is used to illuminate the seeding particles (and consequently the 
airflow) in the enclosures while the images of the seeding particles in the airflow are 
captured on a photographic plate or on a charged coupled device (CCD) camera having a 
good quality lens. For cases where the photographic plate is employed, it is required that 
the photographic plate be digitised by a scanner before storage in order to enhance the 
quality of the recorded images. However for cases where a CCD camera is employed, the 
recorded images of the airflow patterns can be stored directly in a computer.   
  
In the latter two recording approaches (using a photographic plate or a CCD camera), the 
entire flow field obtained in the airflow measurement will be further divided into smaller 
units, called “interrogation areas”, where statistical analysis employing either the auto-
correlation or the cross-correlation technique is used [126]. The division of the whole flow 
filed into the smaller interrogation areas ensures that adequate details of the entire flow 
field are obtained from each interrogation area for further processing. Using this technique, 
the local displacement vector of specified seeding particles within the airflow can be 
carefully mapped out on the different interrogation areas to obtain the approximated 
pattern of airflow in the entire flow field. 
  
The laser light employed in the two approaches mentioned above is always of a different 
colour to that of the seeding particles. This also ensures that the path of flow of the seeding 
particles in the airstream can be clearly identified and mapped out, thus enhancing the 
quality of the recorded flow field. This is therefore in contrast to the experimental 
investigations carried out in this thesis where the fluorescent light sources and the seeding 
particles are almost of the same colour and therefore making it extremely difficult to map 
out the path of the seeding particles in the airflow and consequently the pattern of airflow 
under the experimental conditions employed in this thesis.   
 
Also, the laser light employed in most investigations where the Particle Image Velocimetry 
(PIV) or the Laser Doppler Velocimetry (LDV) technique is employed is of a known 
wavelength. This means that a thin sheet of the laser light can be beamed onto the cavity in 
a controlled manner and therefore implies that the airflow patterns obtained from this 
measurement technique are those in the planes defined by the controlled thin sheet of light 
from the laser source. This is in contrast to the uncontrolled (diffused) fluorescent light 
sources employed in the experimental investigations carried out in this thesis where it is 
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difficult to focus the side lights (employed for illuminating the seeded airflow) unto the 
cavity. Thus the path of the seeding particles cannot again be properly mapped to obtain 
the patterns of airflow and therefore the difficulty associated with the quality of the 
recorded flow images obtained in the experimental investigations carried out in this thesis 
and shown in Figures 7.12(a) and 7.13(a). 
  
In the measured airflow patterns shown in Figures 7.12(a) and 7.13(a), streaks or striations 
can be seen on the flow images. These striations show the paths followed by the 
microspheres (spherical glass spheres) in the seeded airflow experimentally investigated in 
this thesis. These striations are due to the electro-static attraction occurring between the 
flow visualization window (the acrylic plastic) and the seeding particles (microspheres) 
used in the experimental investigations and therefore also contribute to the poor quality of 
the flow images shown in Figures 7.12(a) and 7.13(a) above. Since the experimental 
investigations in this thesis are carried out during the winter period in a controlled 
laboratory area, there is an increase in the electro-static attraction between the acrylic 
plastic and the seeding particles. These striations (streaks) are therefore difficult to clean 
and when attempted, it becomes extremely difficult again to both disassemble and 
assemble the airflow test cell for the removal of these streaks. 
 
In the experimental measurements carried out in this thesis, the seeding particles settle at 
the bottom (on the outer surface of the two-layered spacer ring at the bottom of the cavity) 
of the modelled wall cavity. These particles (the microspheres) have to be recovered in 
order to be able to re-use them for further airflow measurements. The recovery of these 
particles is carried out in a manner that ensures that the quality of the flow seeds is not 
impaired. The impairment of the microspheres for the purpose of the experiment 
measurements carried out in this thesis is due to the addition of impurities, such as dust 
particles and other tiny objects, to the microspheres. The impurities will increase the 
density of the microspheres and invariably alter the dynamics of the seeding particles in the 
cavity airflow. This is as a result of no close matching (due to significant density difference 
between the seeding particles and the cavity fluid) between the density of the seeding 
particles and that of the cavity fluid (air). 
  
To this end, a small vacuum cleaner using a filter bag was employed in removing the 
seeding particles from the bottom of the modelled wall cavity. The microspheres (seeding 
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particles) are therefore collected from the filter bag of the vacuum cleaner before they can 
be re-used. For this to be achieved, the complete instrumentation unit employed for the 
airflow measurements has to be switched off. This action shields the experimentalist and 
other workers around the airflow measurement apparatus from the danger of injury which 
may arise due to interference with a working mechanical/electrical unit when the seeding 
particles are to be removed from the cavity. The removal of the seeding particles is 
therefore carried out by opening the lower ventilation openings on the MDF board shown 
in Figure 7.11 above. The plastic hose of the vacuum cleaner is inserted into any of these 
lower ventilation openings for the microspheres to be removed. It is expected that residual 
amount of the microspheres will still remain at the bottom of the cavity when the vacuum 
cleaner is employed for the removal of the microspheres. 
 
The residual amount of microspheres left at the bottom of the cavity after the cleaning 
activity is due to the geometry (shape) of the open-end of the plastic hose inserted through 
the ventilation opening into the wall cavity not flushing with the bottom (outer surface of 
the two-layered spacer ring) of the wall cavity. This therefore causes the non-complete 
removal of the seeding particles from the bottom of the wall cavity for re-use in the airflow 
measurements carried out in this thesis. For the complete removal of the microspheres 
from the bottom of the wall cavity to therefore be carried out, the airflow test cell has to be 
disassembled. The disassembly and the re-assembly of the airflow test cell for these 
experimental measurements is a time-consuming exercise and thus contributes to the 
restricted amount of experimental data available for describing the patterns of airflow in 
the modelled wall cavity studied under the experimental conditions employed in this thesis 
and the overall limitations and difficulties experienced in the experimental measurements.  
  
The small rectangular box appearing in the flow images shown in Figures 7.12(a) and 
7.13(a) above is due to the reflection of a nearby object on the flow visualization window 
(acrylic plastic) of the airflow measurement apparatus. This is obtained due to the small 
and restricted area of the laboratory where the experimental investigations were carried out 
as the airflow measurement apparatus cannot be moved away from its area of installation 
to avoid the reflection of the nearby object on the flow visualization window. The above 
difficulties thus result in the restricted amount of information available from the 
experimental investigations carried out in this thesis. The time-consuming nature of the 
cleaning exercise and the time available for the entire experimental and numerical 
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investigations carried out in this thesis also contribute to the restricted amount of 
experimental information discussed in this chapter of the thesis. 
 
Despite the various limitations and difficulties encountered in the measurements of the 
patterns of airflow under different reference wind speeds and flow mode carried out 
experimentally in this thesis, some agreements were obtained between the experimental 
results shown in Figures 7.12(a) and 7.13(a) and the predicted patterns of airflow shown in 
Figures 7.12(b) and 7.13(b). The results of the experimental investigations carried out in 
this thesis show that for an airflow test cell as big as ours (a full-scale model that is 
representative of a 50mm wall cavity depth and meeting the minimum floor-to-ceiling 
distance in most buildings is employed in these investigations), there are difficulties 
associated with the visualization of full-scale airflow patterns in large thin slot-ventilated 
enclosures. It can therefore be concluded that the experimental measurements of airflow 
(qualitative and quantitative flow information) in large thin slot-ventilated enclosures, such 
as those investigated in this thesis, is difficult to carry out using the ordinary visual 
approach employed in this thesis and will probably be adequate using either the LDV or 
the PIV technique, if at all possible. 
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CHAPTER EIGHT 
CONCLUSIONS AND RECOMMENDATIONS 
This chapter summarises the key research findings and explains the limitations on the 
study. It also provides possible directions for future work on the subject of ventilation in 
vertical wall cavities. 
 
8.1   General Conclusions 
Moisture in the form of dampness and condensation has long been known to be responsible 
for unhealthy conditions in buildings such as indoor mould growth, wall staining, 
efflorescence and impairment of air quality. In timber-framed constructions, bio-
deterioration of the timber products leading to loss of strength occurs as a result of the 
activities of wood-decay fungi and insects at high humidity. Under these conditions, the 
performance and durability of buildings are compromised. Although the cavity-wall 
construction has proved to be effective in moisture removal by interrupting the capillary 
paths for moisture transport [16, 19], the availability of inadequate drainage in the wall 
assemblies or their use in locations with no adequate drying has been a concern. In order to 
therefore identify control and management strategies in the remediation of moisture in 
vertical wall cavities, numerical and experimental investigations on the characteristics of 
the velocity fields (patterns of airflow and the distributions of velocity) in these cavities 
were carried out. 
 
The numerical study employed the Reynolds-Averaged Navier-Stokes (RANS)-based 
computation for solving the three-dimensional incompressible equations governing the 
cavity flows using circular and rectangular ventilation slots. These investigations were 
under varying reference wind (inlet) speed and size of slot using the FLUENT as the 
commercial Navier-Stokes solver. For turbulent conditions, the RANS approach employed 
the Boussinesq hypothesis for modelling the Reynolds stresses within the flows. The above 
modelling approaches involved the near-ceiling inlet slot arrangement in a single-sided 
ventilation configuration under the pressure, the buoyancy and the combined flow modes. 
Experimentally, the digital mapping of the continuous stream of the flow seeds (seeding 
particles) in the wall cavities defines the patterns of airflow in these cavities. 
 
Based on the RANS methodology discussed above, the numerical results on the effects of 
the size, spacing and number of the ventilation openings on the characteristics of the cavity 
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flows are presented in chapters five and six of this thesis. The results show the potential of 
natural ventilation in the remediation of moisture in vertical wall cavities at higher wind 
speeds. The various limitations of the experimental measurement technique adopted in this 
thesis, where an ordinary visual approach was employed and the inability of the 
experimental measurement technique to provide full-scale patterns of airflow under the 
pressure-driven flow mode and reference wind (inlet) speeds, did not allow the numerical 
results of airflow patterns under similar reference wind speeds and flow mode used in the 
experimental investigations to be properly validated. The reduced fields of the airflow 
patterns obtained in Figures 7.12(a) and 7.13(a) do however allow some agreements to be 
obtained between these experimental results and the expected patterns of airflow shown in 
Figures 7.12(b) and 7.13(b) of this thesis. 
  
The BS 5925 model [112] employed for predicting the ventilation rates in the wall cavities 
studied shows close agreement at higher wind speeds with the experimental results of 
Edwards [113]. By modifying the BS 5925 model based on the numerical results of the 
rectangular ventilation slots presented in this thesis, results that are comparable with the 
experimental data of Edwards [113], at a lower mean wind speed are obtained. The 
modified BS 5925 model takes into account the flow characteristics of the rectangular inlet 
slots employed in this thesis and is as presented in Equation (6.15). 
 
Evidences from the numerical results presented in this thesis though suggest that natural 
ventilation has a potential to remediate moisture and condensation in vertical wall cavities 
of buildings at higher wind speeds, the use of other measures in the control and 
management of moisture in these cavities should not be discounted. Ventilation works by 
dispersing the moisture-laden air in the wall cavities and replacing them with a fresh 
supply of drier air from the outside while most other secondary measures act as defences 
against moisture ingression or diffusion into buildings through these cavities from the 
outside. An important consideration in the remediation of moisture and condensation in 
these wall cavities is therefore the drying potential of the supplied airstream. This is 
particularly important when the seasonal variations of temperature within and outside the 
wall cavities are considered. Even at higher wind speeds, it is of interest to know how 
ventilation can provide drying to the wall cavities and materials of the wall. 
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The results of the steady state analysis presented in this thesis though show potential for 
wall cavity ventilation at higher wind speeds, the use of time-dependent computation for 
the wall cavities may reveal areas with potential for condensation of moisture-laden air that 
are not identified by the steady state analysis carried out in the thesis even at higher wind 
speeds. Using the unsteady state computational approach (time-dependent computation) 
therefore, intermittent peaks representing low and high values of airflow velocities in the 
cavity flows will help to ascertain the efficiency of the ventilation technique or system with 
a view to determining the drying potential of the cavity ventilation adopted for remediating 
moisture in these cavities. Investigations using hygro-thermal models have shown that the 
conditions of air at inlet and outlet of an enclosure and the ventilation (airflow) rate affect 
the drying capacity of cavity ventilation [114]. 
  
Whilst it is acknowledged that ventilation helps in drying, there is however an optimum 
ventilation rate at which an increase in the air speed has little or no effect on the amount of 
moisture that can be removed from wall cavities. Under this condition, the drying of the 
cavities and materials of the wall becomes an issue of greater concern. This is particularly 
important under low ventilation rates or during the winter where the removal of moisture is 
minimal and where there is concern about the wetting potential of the ventilation provided 
[127]. Although higher average velocities (greater than 1m/s) of cavity flows under the 
buoyancy-driven flow mode for the range of temperature (-20 to 20oC) employed in this 
thesis mode are obtained; the combined flow mode using similar reference wind speeds 
employed for the pressure-driven cavity flows however produces airflow velocities lower 
than those obtained under the buoyancy- and the pressure-driven flow modes. 
  
The computational approach employed for the numerical results presented in this thesis 
offers the advantage of evaluating the characteristics of the cavity flows separately under 
the different flow modes and in the combined form; however for real building ventilation 
application, it is difficult to separate the buoyancy-driven (temperature-dependent) flows 
from the wind-driven (pressure-dependent) flows. It is therefore recommended by the 
author, based on the results of this thesis, that the remediation of moisture and 
condensation in the cavities of vertical wall may be achieved at higher wind speeds by 
employing other secondary measures together with the pressure-driven wind flow (the 
cavity walls and the buildings as a whole are not heated and under such a condition, all 
walls are approximately of the same temperature over a sufficiently long period of time). 
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8.2   Detailed Conclusions 
8.2.1   Size of Ventilation Slots 
In order to understand the effect of the size of the ventilation slots on the characteristics of 
the cavity flows in this study, the 2m by 2m wall cavity models were employed. These 
models ensure that the minimum ceiling-to-floor distance in rooms for most buildings is 
maintained [49]. The wall cavities studied here have circular slots of diameters 110, 125 
and 152mm on their front wall while the rectangular slots used are characterized by their 
inlet aspect ratio (IAR). The IAR is a dimensionless parameter relating the height to the 
width for each slot and as a result, the rectangular slots in this study have IAR of 0.3, 0.7 
and 1.0. Using these slots, the cavities were ventilated by airstreams at reference wind 
(inlet) speeds of 0.2 to 9.8m/s under the pressure-driven and the combined flow modes 
while the ventilation of this wall cavity model for the buoyancy-driven flow mode was 
carried out for temperature in the range of -20 to 20oC. 
 
The numerical results presented in chapter five of this thesis for the moderately-spaced 
circular openings show that multi-cellular patterns of flow are obtained under all reference 
wind (inlet) speeds and flow modes using circular ventilation openings with diameters of 
110, 125 and 152mm, except at a reference wind speed of 1.0m/s ( wp∆  = 0.34Pa) for 
circular openings with a diameter of 152mm. In chapter six of this thesis where 
moderately-spaced rectangular slots were employed, multi-cellular patterns of airflow are 
obtained using rectangular slots with an IAR of 0.3 under the pressure-driven flow mode 
for all reference wind speeds investigated. However for rectangular slots with an IAR of 
0.7, the multi-cellular flow patterns are of reduced size of recirculation cells in comparison 
to those obtained for rectangular slots with an IAR of 0.3. By increasing the IAR of the 
slots to 1.0, unicellular patterns of airflow are obtained at reference wind speeds of 0.2 to 
4.9m/s while a multi-cellular flow pattern only exists at a reference wind speed of 9.7m/s 
for the pressure-driven flow mode. 
 
From the numerical results presented in chapters five and six of this thesis therefore, it is 
evident that low average velocities (0.02 to 0.4m/s) of cavity flows for all moderately-
spaced ventilation openings under the pressure-driven flow mode are obtained for 
reference wind speeds of 0.2 to 2m/s. As a result, significant areas of the wall cavity 
occupied by unventilated pockets of air have the potential to serve as centres of 
condensation for moisture-laden air since an average velocity of 0.5m/s or more is needed 
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for removing moisture-laden air out of the wall cavity [49]. However at reference wind 
speeds of 4.9 and 9.8m/s, the average velocities for the pressure-driven cavity flows are 
significantly higher (greater than 1m/s) . For cavity flows driven by the combined flow 
mode, the average velocities of the cavity flows are lower than those obtained for the 
pressure-driven flow mode at all reference wind speeds while higher velocities (greater 
than 1m/s) of cavity flows are obtained under the buoyancy-driven flow mode. The 
geometry of the inlet slots affects the velocity distributions in the wall cavity models 
studied in this thesis, with about 85 and 90% of the wind speed at the inlets of the 
rectangular and circular ventilation openings reaching the wall cavities. 
 
8.2.2   Spacing between Ventilation Slots 
By increasing the horizontal and vertical spacings, HS  and VS  between the rectangular 
ventilation slots, the computational domain of the wall cavity is therefore extended in both 
the x- and y-directions while the depth of the wall cavity in the z-direction remains 
unchanged. As a result, the 3m by 3m wall cavity model corresponding to typical 
maximum distance between the floor and the ceiling for most buildings [49] was therefore 
employed for investigating the effect of spacing between the ventilation slots on the 
characteristics of the cavity flows. The size of the rectangular slots employed for this study 
are similar to those in section 8.2.1 above while different reference (inlet) wind speeds are 
employed. However, the RANS-based computational approach employed the pressure-
driven flow mode for this study. This is due to the higher average velocities of cavity flows 
resulting from the use of this flow mode. 
 
The numerical results presented in chapter six of this thesis for the widely-spaced 
rectangular ventilation slots show multi-cellular patterns of airflow for all reference wind 
speeds when rectangular slots with an IAR of 0.3 and 0.7 are employed. Whilst bigger 
recirculation cells are present in the pressure-driven cavity flows for the moderately-spaced 
rectangular slots with an IAR of 0.3 and 0.7 under similar reference wind speeds employed 
for the widely-spaced slots, there is however a greater reduction in the size of the multi-
cellular cells present in the pressure-driven cavity flows employing the widely-spaced 
rectangular slots. An increase in the size of the rectangular slots from 0.03 to 0.05m2 
(corresponding to a change in the IAR of the slots from 0.7 to 1.0) results in unicellular 
patterns of airflow at reference wind speeds of 0.3 and 0.5m/s while at reference wind 
speeds of 1.1 to 10.9m/s, multi-cellular flow patterns having reduced size of cells are 
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obtained. For all widely-spaced rectangular ventilation slots studied under the pressure-
driven flow mode therefore, the average velocities of the cavity flows for all size of the 
rectangular slots are lower than those summarised for the moderately-spaced rectangular 
slots in section 8.2.1 of this thesis. The reduction in the velocities of the cavity flows thus 
reduces the potential of the widely-spaced slots in the remediation of moisture and 
condensation in the wall cavity studied in this thesis. 
 
8.2.3   Number of Ventilation Slots 
The reduction in the average velocities of the pressure-driven flows obtained in the wall 
cavity model employing the widely-spaced rectangular ventilation slots in section 6.4 of 
this thesis causes the moderately-spaced rectangular ventilation slots of section 6.3 to be 
employed in investigating the effect of increasing the number of the rectangular slots on 
the characteristics of the cavity flows under similar flow mode in section 6.5 of this thesis. 
The reference (inlet) wind speeds and size of slots employed in the investigations carried 
out in section 6.3 of this thesis are therefore retained in section 6.5 of this thesis. By adding 
two extra rectangular slots (one inlet and one outflow) to the wall cavity model employing 
the moderately-spaced rectangular slots, the horizontal spacing between the slots is 
therefore reduced to 0.79m. 
 
Multi-cellular patterns of airflow with varying size of cell are obtained when the wall 
cavity is ventilated by the closely-spaced rectangular slots with an IAR of 0.3 for all 
reference (inlet) wind speeds employed in the investigations while at reference wind 
speeds of 0.2 to 2.0m/s for the closely-spaced rectangular slots with an IAR of 0.7, 
unicellular patterns of airflow are obtained. However at reference wind speeds of 4.9 and 
9.8m/s for the closely-spaced rectangular slots with an IAR of 0.7, multi-cellular patterns 
of airflow are obtained. Unicellular patterns of airflow are also obtained for all reference 
wind speeds when the wall cavity model employs the closely-spaced rectangular slots with 
an IAR of 1.0. For all closely-spaced rectangular ventilation slots employed in this thesis 
therefore, the average velocities of the pressure-driven cavity flows obtained using these 
rectangular slots are slightly lower than the average velocities of airflow from the 
moderately-spaced rectangular ventilation slots under similar flow mode. 
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8.2.4   Ventilation Rates 
The BS 5925 model [112] was employed for estimating the ventilation rates in the slot-
ventilated wall cavity models studied in this thesis under varying reference wind speed and 
size of rectangular slot. Although the model was formulated for estimating the ventilation 
rates in larger enclosures, such as the rooms of “simple” buildings, a close agreement is 
obtained at higher wind speeds between the results of Edwards [113] and the predictions 
by the model for a 50mm deep wall cavity, such as studied in this thesis, over a mean wind 
speed of 0.25 to 6.50m/s. At any other mean wind speed below 5.75m/s however, the BS 
5925 underestimates the ventilation rates. The formulation of BS 5925 does not take into 
account the characteristics of the inlet slots in the estimate of the ventilation rates of 
enclosures in “simple” buildings. It does not also suggest any dimensional limit to the 
depth of the cavity to which it can be applied [46]. 
  
The numerical results of the pressure-driven flows for wall cavity model employing the 
moderately-spaced circular and rectangular ventilation openings in this thesis however 
show that the geometry of the inlet openings affects the average velocities of the flows 
(summarised in section 8.2.1). As a result of this therefore, the BS 5925 model was 
modified and applied to estimate the ventilation rates in the slot-ventilated wall cavity 
model studied in this thesis where air changes of about 8, 16 and 25ach at a mean speed of 
2m/s for rectangular slots with an IAR of 0.3, 0.7 and 1.0 are obtained. Though these air 
change rates are significantly higher for rectangular slots with an open area of 0.01, 0.03 
and 0.05m2 respectively, a predicted air change rate of 1.68ach from the modified BS 5925 
model for 9 open perp-end joints having a combined open area of approximately 3100mm2 
for the ventilation slot in a 50mm wall cavity is comparable to the measured air change rate 
of 2.23ach from similar size of opening and depth of wall cavity. 
 
8.3   Recommendations for Future Work 
8.3.1   Temperature Profile of Cavity Wall 
In this thesis, we have used the BS 5925 model to predict ventilation rates in vertical wall 
cavities having a depth of 50mm and simulate flows in these cavities under different 
reference (inlet) wind speeds and flow modes based on the RANS methodology employed 
in the thesis. Whilst a close agreement is obtained at higher wind speeds between the 
predicted ventilation rates and the measured ventilation rates of Edwards [113], uniform 
temperature distribution was assumed on the front and back cavity walls for simulating 
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flows under the buoyancy-driven and the combined flow modes. This assumption ignores 
the thickness of these cavity walls and treats the material of these walls as homogenous for 
the steady state analysis carried out. It is therefore recommended that further improvement 
of the numerical investigations under these flow modes be carried out with temperature 
profiles fitted for the temperatures, fT  and bT  of the front and back walls of the cavity 
studied in this thesis. 
 
8.3.2   Modelling of Cavity Flow using Perp-End Joints as a Ventilation Slot 
A close agreement is obtained in this thesis between the predicted ventilation rate from the 
modified version of the BS 5925 model presented in Equation (6.15) and the measured 
ventilation rate from the combined 9 open perp-end joints acting as a ventilation slot in the 
study of Edwards [113] at a mean wind speed of 2m/s. There is however limited time 
available for modelling the cavity flow with the above perp-end joints as a ventilation slot 
using the full range of the reference wind speed employed in the study of Edwards [113]. It 
is therefore suggested that the wall cavity models employed in this thesis be modified to 
use ventilation slots having the same open area as the perp-end joints in the study of 
Edwards [113]. This will enable a whole range of flows to be simulated under similar mean 
wind speeds employed in the study of Edwards [113] and be compared accordingly. 
 
8.3.3   Time-Dependent Computation and Analysis 
The numerical results presented in chapters five and six of this thesis are average values of 
the air velocities under varying inlet speed and flow mode using the steady-state analysis 
for the RANS-based computations. Whilst these results may be useful for formulating 
control and management policies for the remediation of moisture and condensation in the 
cavity of vertical walls, information showing intermittent peaks of low and high airflow 
velocities within the slot-ventilated wall cavities under the above modelling conditions are 
not available. It is therefore recommended for future work that time-series computation 
and analysis of the cavity flows under similar modelling and simulation conditions 
employed in this thesis be carried out. The results of such analysis will provide useful 
information on the formation and disintegration of eddies observed in the numerical results 
of this thesis. It will also provide a comprehensive approach for formulating control and 
management practices in the remediation of moisture and condensation in these cavities. 
 
 
 223 
8.3.4   Comparison with Experimental Data 
This thesis has focussed on the numerical investigations of the effect of the size, spacing 
and number of ventilation slots on the characteristics of the cavity flows (patterns of 
airflow and distributions of velocity) in thin slot-ventilated wall cavities. The experimental 
measurement technique adopted in this thesis only enables limited information to be 
obtained on the patterns of airflow at reference velocities of 0.5 and 1m/s in the wall 
cavities studied. Restriction on the amount of time available for completing the research 
work does not allow the time of flight needed to estimate the velocities of the airstream in 
the wall cavities to be obtained. The number of the numerical results validated in this thesis 
is therefore severely limited by the availability of restricted data on the experimental 
measurements. This is due to the various challenges and limitations of the experimental 
measurement approach adopted in this thesis. It is therefore recommended for the future 
improvement of this work that either the PIV or the LDV technique of flow measurement 
be employed for the experimental investigations carried out in this thesis. This will ensure 
that adequate experimental data are available for validating the numerical results presented 
in this thesis. 
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